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In order to overcome the disadvantages of conventional photocathodic and photoanodic 
materials, this dissertation focuses on the exploitation of  new candidates for the 
development of highly efficient photoelectrochemical (PEC) systems. Consequently, 
high-performance photoelectrodes are prepared by the deposition of metal oxide 
semiconductor on different substrates by employing various methods such as 
electrodeposition and spin coating. Following methodologies are utilized for the 
preparation of highly efficient metal oxide-based photoelectrodes:  
1. The fabrication of CuBi2O4 (CBO) films on FTO and FTO/Au substrates, 
respectively, through the electrochemical deposition approach. The observation 
indicated that the existence of the Au thin layer contributed to the improvement of 
crystal quality of the grown CBO films, promotion of photo-generated charge  
separation in the corresponding material and reduction of the resistance of the 
system. In comparison to the FTO/CBO, the FTO/Au/CBO photocathode 
exhibited an exceptional improvement in the photocurrent, from − 0.23 mA cm−2 
to − 0.50 mA cm−2 at 0.1 V vs RHE. Once PEC system was optimized by 
depositing Pt nanoparticles on the CBO films, the plateau photocurrent has been 
further amplified to −1.24 mA cm−2. These data present an attractive p-type 
material in photoelectrochemistry without pertaining to the corrosion problem in 
aqueous electrolytes. 
2. P-type Cu2O has long been regarded as an advantageous material in 
photoelectrochemistry due to its suitable band gap structure and cost-effective 
production. However, this promising material is prone to corrosion in aqueous 
electrolytes. To address this issue and attain a high photoelectrochemical 
performance, protective oxide layers and expensive catalysts have to be used. The 
complexity of such additional procedures, however, limits the further applications. 
Instead of utilizing surface protecting oxide layers and expensive catalysts, this 
dissertation reports the surface treatment of Cu2O photocathodes using trisodium 
citrate (TSC) to enhance the photoelectrochemical performance. In comparison to 
the electrode without TSC, the photocathode of FTO/Au/Cu2O/TSC/TiO2/Pt 




3. BiFeO3 ferroelectric photoelectrodes breaks the limits imposed by common 
semiconductors. As a result of their prominent ferroelectric properties, 
photoelectrodes were able to tune the transfer of photo-excited charges generated 
either in BiFeO3 or the surface modifiers by manipulating the poling conditions of 
the ferroelectric domains. At 0 V vs Ag/AgCl, the photocurrent could be switched 
from 0 mA cm
-2
 to 10 mA cm
-2
 and the open-circuit potential changes from 33 
mV to 440 mV, when the poling bias of pretreatment is manipulated from ‒8 V to 
+8 V. Additionally, the pronounced photocurrent from charge injection of the 
excited surface modifiers could be quenched by switching the poling bias from +8 
V to ‒8 V. 
4. Fabrication of n-type CuWO4 photoanode nanograin arrays by electrochemical 
deposition which results in the difference in-between distance initially performed 
with nanaoimprinted AAO template was successfully conducted. The effectivity 
and efficiency of the result on the control parameters disposition are indicated by 
photoelectrochemical performance with current density of 1.02 mA cm
-2
 (vs 
Ag/AgCl) under solar simulator 1.5G irradiation, as well as electron converted-
radiation 1.78 % at a biased voltage of 0.7 V (vs Ag/AgCl). The length of in-
between distance indicates the optimization of electrolyte penetration towards the 




at flat band 
voltage of 0.14 V (vs Ag/AgCl) and (b) quantum external efficiencies at 
wavelength around 410 nm. Then (c) the optimization of in-between distance of 
nanograin arrays is indicated as an assuring structure to increase 
photoelectrochemical water splitting performance. 
Photoelectrodes based on metal oxides are promising candidates for the development 
of efficient PEC cells for the next generation energy applications. The structured 
semiconductor surfaces minimize the losses in the form of over potentials due to the low 
current flux per real area of the electrode. Hence, the present methodologies allow the 
effective utilization of earth-abundant metal oxides for innovating new generation PEC 






In Anbetracht der Nachteile konventioneller Photokathoden und Photoanodenmaterialien, 
fokkusieren wir uns auf die Erschließung neuer Kandidaten für hocheffiziente 
photoelektrochemische Systeme (PEC). Diese Dissertation befasst sich mit der 
Erforschung von Oxidhalbleitern hergestellt durch Elektrodeposition und Spin-coating, 
unterteilt sich in folgende Teilbereiche: 
1. Die Herstellung von CuBi2O4 (CBO) Filmen auf FTO und FTO/Au Substraten durch 
elektrochemische Abscheidung. Die Beobachtung deutet darauf hin, dass die 
Existenz eines dünnen Goldfilms zur Verbesserung der Kristallqualität des 
gewachsenen CBO-Films, einer besseren Trennung photogenerierte 
Ladungsträgerpaare im entsprechendem Material und zur Reduktion des Widerstands 
im System beiträgt. Im Vergleich zu FTO/CBO zeigt die FTO/Au/CBO 
Photocathode eine ausergewöhnliche Verbesserung des Photostroms von ‒0,23mA 
cm
-2
 zu ‒0,50 mA cm-2 bei 0,1V vs. RHE. Das PEC System wurde weiter optimiert 
durch Abscheidung von Pt-Partikeln auf den CBO-Film, dadurch wurde der 
Photostromdichte weiter verstärkt zu ‒1,24 mA cm-2. Diese Daten zeigen einen 
attraktives p-Typ Material in der Photoelektrochemie ohne betroffen zu sein von 
Korrosion in wässrigen Elektrolyten. 
2. P-Typ Cu2O wurde lange Zeit als vorteilhaftes Material in der Photoelektrochemie 
gehalten, durch seine geeignete Bandlückenstruktur und kostengünstige Herstellung. 
Jedoch zeigt dieses vielversprechende Material eine hohe Anfälligkeit für Korrosion 
in wässrigen Elektrolyten. Um dieses Problem zu adressieren und zu einer guten 
photoelektrochemischen Leistungsfähigkeit zu gelangen müssen schützende 
Oxidschichten und teure Katalysatoren eingesetzt werden. Die Komplexität solcher 
zusätzlicher Prozesse jedoch limitieren die weiteren Anwendungen. Anstelle die 
Oberfläche schützende Oxidschichten und teure Katalysatoren zu verwenden, kommt 
in dieser Arbeit eine Oberflächenbehandlung der Cu2O Photokathoden mit Trisodium 
Citrate (TSC) zum Einsatz, welche die photoelektrochemische Leistungsfähiglkeit 
enorm steigern könnte. Im Vergleich der Elektrode ohne TSC Behandlung und mit, 
zeigt die Photokathode aus FTO/Au/Cu2O/TSC/TiO2/Pt eine deutliche Erhöhung der 
Photostromdichte um etwa den Faktor 2. 
3. Ferroelektrische BiFeO3 Photoelektroden durchbrechen die Limitierungen 




ferroelektrischen Eigenschaften wurden Photoelektroden eingestellt auf den Transfer 
lichtangeregter Ladungsträger, erzeugt im BiFeO3 oder den Oberflächen, durch 
Manipulation der Polungszustände der ferroelektrischen Bereiche. Bei 0 V gegen 
Ag/AgCl konnte der Photostrom geschaltet werden von 0 mA cm
-2
 zu 10 mA cm
-2
 
und die offene Klemmspannung ändert sich von 33 mV zu 440mV wenn die 
Biaspolung der Vorbehandlung von ‒8V zu +8V geändert wird. Zusätzlich konnte 
der Photostrom von Ladungsträgerinjektion der angeregten Oberflächenattribute 
getilgt werden durch Änderung der Biasspannung von +8V auf ‒8V. 
4. Strukturkonstruktion von Photoanoden aus n-Typ CuWO4 Nanograin-Arrays mittels 
elektrochemischer Abscheidung und vorgeprägten AAO Templaten, resultierend in 
unterschiedlichen Zwischenabständen, wurde erfolgreich ausgeführt. Die Effektivität 
und Effizienz des Ergebnisses auf die Kontrollparameterbestimmung sind erkennbar 
durch photoelektrochemische (PEC) mit einer Stromdichte von 1,02 mA cm
-2
 (vs. 
Ag/AgCl) unter simulierter 1,5G Solarstrahlung, sowie einer Elektronen 
umgewandelten Strahlung 1,78% bei einem Bias von 0,7V (vs Ag/AgCl). Die Länge 
der Zwischenabstände zeigen eine Optimierung der Elektrolytpenetration zum 





der Flachbandspannung, (b) externe Quanteneffizienz für Wellenlänge 410 nm. Und 
(c) die Zwischenabstände der Nanograin-Arrays wirk als eine sichere Struktur zur 
Erhöhung der Leistungsfähigkeit zur photoelektrochemischen Wasserspaltung. 
Photoelektroden sind vielversprechender Kandidat für effiziente PEC Verbesserungen um 
die konventionellen erneuerbaren Energien in der Zukunft zu übertreffen. Strukturierte 
Halbleiteroberflächen sollen elektrokatalytische Verluste in Form des Überpotentials 
durch den geringeren Stromfluss per Oberflächeneinheit der Elektrode minimieren. Im 
Wesentlichen, durch niedrigere Aktivitäten könnte dieser Effekt es erlauben auf der Erde 
reichhaltig vorkommende Katalysatoren zu verwenden und eine ausgezeichnete 
Verteilung über die strukturierte Elektrode gewährleisten um die Nutzung der 











Four years is indeed a long time and I have been with many people who gave millions of 
memories. That is why; I would like to express my utmost gratitude to all of them 
especially to my advisor, Professor Yong Lei for providing invaluable guidance and 
continuous support throughout my study. The present research would have not been 
complete without his encouragement and helpful advices. Also, I would like to thank to 
scientists in the FG 3D Nanostructuring, Dr. Dawei Cao and Dr. Yang Xu for their 
friendship and support. I would also like to thank Dr. Huaping Zhao and Dr. Chengliang 
Wang, Dr. Min Zhu for their helpful suggestions and discussions. I am also grateful to 
Prof. Dr. Zhijie Wang in Laboratory of Semiconductor Materials Science, Institute of 
Semiconductors, Chinese Academy of Sciences, Beijing for his support and for 
suggestions. 
 
I am extremely grateful to all members in ZMN and Institute of Physics. I especially 
thank Dr. Henry Romanus and Dr. Arne Albert for their help and suggestions during SEM 
measurements, Dr. Alexander Kӧnkin for helping me in UV-Vis spectroscopy 
measurements, and Mr. Jens Schawohl and Dr. Grieseler Rolf for XRD measurements. I 
thank all group members in the FG 3D nanostructuring for their valuable suggestions, 
help, encouragement, wonderful friendship, and also keeping a nice place to work. 
Dr.rer.nat. Ranjith Vellacheri, Dr. rer.nat. Ahmad Al Hadad, Dr. rer.nat. Liaoyong Wen, 
Mr. Wenxin Wang, Ms. Liying Liyang, Mr. Shipu Xu, Mr. Rui Xu, and Ms. Dr.rer.nat. 
Samar al Hadad. I thank Mrs. Moumou Li for her help during my study at TU Ilmenau. 
 
I thank Prof. Dr.rer.nat. Agus Rubiyanto, Dr. Ananta Kusuma Seta, Dr. Suhartanti, Dr. 
rer. nat. Ahmad Saufi and Miss Mahdalika in Education and Culture (BU-BPKLN) 
Bureau of Ministry of Education and Culture of Republic of Indonesia for stimulating my 
research interests in PEC water splitting and encouraging me to finish my study. I also 
express my indebtedness to all my friends and church members for their encouragement 
to complete my study and accommodating me. Especially, I would like to thank apl. Prof. 
Dr. Wahyu Wijaya Hadiwikarta and Miss. Risang Ayu for their help in measuring gas 
chromatography. Also, Mr. Max Sommerfeld and Mrs. Haruming Saraswati for heart-






I would like to thank all members in the Indonesian community particularly to all those in 
the Indonesian student association (PPI) in Ilmenau, Jena, and Nordhausen, to PCINU 
German, to members of the WA Group Ilmenau Ceria, to members of Pengajian Ilmenau 
and of course to those part of the Indonesian Embassy in Berlin. 
 
I also want to express my gratitude to my family, Bapak Kusnan, Ibu Somirah, Ibu Hj. 
Rubiah, Madiun and Surabaya family for their love and support. There are no adequate 
acknowledgments to express my deepest gratitude. Without their support and love, I 
would not have accomplished this study. Finally, I am thankful to Farida Ariyanti and 














Table of Contents 
 
Abstract ............................................................................................................................ iv 
Kurzzusammenfassung .................................................................................................... vi 
Acknowledgments......................................................................................................... viii 
Table of Contents .............................................................................................................. x 
List of Figures ................................................................................................................ xii 
Abbreviation ............................................................................................................... xviii 
Chapter 1. Overview ......................................................................................................... 1 
1.1 Introduction ............................................................................................................. 1 
1.2 Outline ..................................................................................................................... 2 
Chapter 2. General Background ........................................................................................ 5 
2.1 Fundamentals of electrodeposition.......................................................................... 5 
2.2 Principle of electrodeposition for semiconductor ................................................... 7 
2.3 PEC water splitting................................................................................................ 12 
2.4 Applications of electrocatalysts for solar water splitting ...................................... 16 
2.5 Micro and nanostructure effects on the efficiency of photoelectrodes ................. 19 
2.6 Nanoimprinted AAO template .............................................................................. 21 
2.6.1 Structure of nanoimprinted AAO template .................................................... 21 
2.6.2 Formation of nanoimprinted AAO template .................................................. 23 
Chapter 3. Experiments, Instrumentations and Calculations .......................................... 27 
3.1 Electrochemical deposition ................................................................................... 27 
3.2 Atomic layer deposition  ....................................................................................... 27 
3.2.1 Atomic layer deposition of TiO2 .................................................................... 28 
3.2.2 Atomic layer deposition of Pt ......................................................................... 28 
3.3 Preparation of nanoimprinted AAO templates ...................................................... 29 
3.4 Deposition of Ni film ............................................................................................ 31 
3.5 Electron beam physical vapor deposition.............................................................. 31 
3.6 Electroconductivity characterization ..................................................................... 31 
3.6.1 X-ray photoelectron spectroscopy .................................................................. 31 
3.6.2 Field emission scanning electron microscopy ................................................ 32 
3.6.3 Transmission electron microscopy experiments and methods ....................... 32 
3.6.4 Energy dispersive X-ray spectroscopy ........................................................... 33 
3.7 Photoelectrochemical characterization .................................................................. 34 
3.7.1 Photocurrent.................................................................................................... 34 
3.7.2 Incident photo-to-current efficiency ............................................................... 35 
3.8 Electrochemical characterization .......................................................................... 35 
3.9 Solar simulator and quantum efficiency measurement system ............................. 38 
3.10 Gas chromatography ........................................................................................... 39 
3.11 Finite-difference time-domain simulation ........................................................... 40 
Chapter 4. p-Type CuBi2O4: an Easily Accessible Photocathodic Material for High-
Efficient Water Splitting ................................................................................................. 41 





4.1 Experimental section ............................................................................................. 42 
4.1.1 Materials and Chemicals ................................................................................ 42 
4.2.2 Preparation of the CBO films ......................................................................... 43 
4.2.3 Fabrication of CBO photocathodes ................................................................ 43 
4.2.4 Deposition of Pt nanoparticles ........................................................................ 43 
4.2.5 Photoelectrochemical measurements .............................................................. 44 
4.2.6 Characterizations ............................................................................................ 44 
4.3 Results and discussion ........................................................................................... 45 
Chapter 5. Facile Surface Treatment on Cu2O Photocathodes for Enhancing the 
Photoelectrochemical Response ...................................................................................... 58 
5.1 Introduction ........................................................................................................... 58 
5.2. Experimental ........................................................................................................ 59 
5.2.1. Preparation of the Cu2O films ....................................................................... 59 
5.2.2. Deposition of TiO2 and Pt nanoparticles ....................................................... 59 
5.2.3. Fabrication of Cu2O photocathodes ............................................................... 60 
5.2.4. Photoelectrochemical measurements ............................................................. 60 
5.2.5. Characterizations ........................................................................................... 61 
5.3. Results and discussion .......................................................................................... 61 
Chapter 6. Switchable Charge Transfer In The Photoelectrochemical Energy Conversion 
Process Of Ferroelectric BiFeO3 Photoelectrodes .......................................................... 72 
6.1 Introduction ........................................................................................................... 72 
6.2 Experimental section ............................................................................................. 74 
6.3 Result and Discussion ........................................................................................... 77 
Chapter 7. Nanoarrays: First Optimation Of Space Effect In-Between CuWO4 
Nanograin Arrays For Supreme Performance of Photoanode Water Splitting ............... 87 
7.1 Introduction ........................................................................................................... 87 
7.2 Result and Discussion ........................................................................................... 89 
Chapter 8. Nanoarrays: Realizing Super-long Cu2O Nanowires Arrays for High-efficient 
Water Splitting Applications with a Convenient Approach ......................................... 105 
8.1 Introduction ......................................................................................................... 105 
8.2 Experimental ....................................................................................................... 106 
8.3 Results and discussion ......................................................................................... 108 
Chapter 9.  Summary and Outlook ............................................................................... 116 
Chapter 10. Bibliography .............................................................................................. 119 
Chapter 11. Appendix ................................................................................................... 127 
Scientific Contributions ................................................................................................ 145 








List of Figures 
Figure 2.1 Mechanism for semiconductor in electrodeposition using AAO templates. For 
figure above there create from Cu2O electrodeposition in templates ............................. 11 
Figure 2.2 Overlaid current density-potential behavior for a p-type photocathode and an 
n-type photoanode, with overall efficiency projected by the power generated PSTH = Jop 
(1.23 V) by the cell for splitting water. (Modification base figure from ref. 46) ........... 16 
Figure 2.3 Thin films as planar device (A). before collecting the carrier, photogenerated 
must traverse the entire thickness of the cell around ∼1/α, where α is the absorption 
coefficient. In a core or wire-array cell (B). carriers must only reach the core surface 
before recombination. LD is the diffusion length of the photogenerated minority carrier 
(open circle). (modification from ref. 46) ....................................................................... 20 
Figure 2.4(a) Schematic structure of AAO template after the anodization on Al foil. SEM 
images of AAO template:(b) top surface, (c) barrier layer, and (d) top view after removed 
the AAO templates, respectively. ................................................................................... 22 
 
Figure 3.1 One cycle of TiO2 growth, including the N2 purging, TiCl4 pulsing, and H2O 
pulsing times ................................................................................................................... 28 
Figure 3.2 Conventional (solid line) and innovative (dot line) recipes of Pt growth (1- 
cycle). .............................................................................................................................. 29 
Figure 3.3 (a) The photolectrochemical characterization of photoanode and photocathode 
for hydrogen evolution reaction, all the measurements work station in ambient condition 
for thin film (b), and nanostructure (c), respectively. ..................................................... 36 
 
Figure 4.1 Characterizations of CBO films. (a1, b1) Top view SEM images, (a2, b2) TEM 
images and (a3, b3) HRTEM images of CBO films grown on FTO (a) and FTO/Au (b). 
(b4) SEM image of CBO films on FTO/Au, and corresponding EDX mapping image for 
(b5) Cu element, (b6) Bi element and (b7) O element, respectively. ............................. 46 
Figure 4.2 (a) XRD patterns of the two samples. (b) UV-Vis absorption spectra obtained 
from the CBO films and substrates (Inset Ⅰ: plot of (αh)1/2 vs hv for estimating the band 
gap value of the film. Inset Ⅱ: spatial distribution of the electric field intensity across the 
FTO/Au illuminated by the photons at 800 nm. (c) UPS cut off spectra of CBO films. Left 
panel is the work function and right panel is the valence band region, respectively. (d) 
Schematic energy diagram of CBO deduced by the UPS data in c. A favorable energy 
level makes CBO as an ideal material for water splitting. .............................................. 48 
Figure 4.3 Photoelectrochemical performance of CBO films photocathodes. (a) Current 
density–potential characteristics in 0.1 MNa2SO4 solution, under chopped AM1.5 light 





Wavelength−dependent external quantum yield spectra of two samples, the spectra were 
measured in a two-electrode configuration without any external bias. .......................... 51 
Figure 4.4(a) Time-resolved photoluminescence decay curves (excitation: 450 nm) and 
(b) Nyquist plots of CBO photocathodes with/without Au thin layer. ........................... 53 
Figure 4.5 (a) Current density–potential curve of FTO/Au/CBO device with Pt 
nanoparticles under chopped AM1.5 light illumination, the inset shows TEM of Pt 
nanoparticles on the surface of CBO. (b) Curves of the time-dependent photocurrent 
measured for the FTO/CBO and FTO/Au/CBO photoelectrode without/with Pt 
nanoparticles at 0.4 V vs RHE under AM1.5G light illumination. ................................. 54 
Figure 4.6 Schematic energy alignment illustrating the paths of charge carrier in 
Au/CBO/Pt/electrolyte under solar light irradiation. ...................................................... 56 
 
Figure 5.1 a,b) SEM images of the prepared Cu2O films on FTO/Au and FTO substrates, 
the insets show the cross-sectional SEM images. c) XRD pattern of the Cu2O films on 
FTO/Au substrates. The inset presents the crystal structure of the material. d) Absorption 
spectroscopic measurements of the samples. Inset I: plot of (αhv)2 vs hv for estimating the 
band gap value of the film. Inset II: spatial distribution of the electric field intensity 
across the photocathodes illuminated by the photons at 500 nm. ................................... 63 
Figure 5.2 a-c) XPS spectra of the as-prepared Cu2O thin films with different surface 
conditions. The spectra display the resolved peaks of Cu 2p, O 1s and C 1s, respectively, 
d) Schematic of the TSC modified Cu2O surface. .......................................................... 65 
Figure 5.3 a) Mott-Schottky plots with Nyquist plots as the inset. b) Time-resolved 
photoluminescence decay curves (excitation: 450 nm), the inset shows the steady state 
photoluminescence spectra (excitation: 450 nm). ........................................................... 67 
 
Figure 5.4 a) and b) Current density-potential curves of the Cu2O based photocathodes 
with different surface conditions. Inset of (a): EQY spectra of the FTO/Au/Cu2O/TiO2/Pt 
photoelectrode with and without TSC; Inset of (b): Curves of the time-dependent 
photocurrent measured for the FTO/Au/Cu2O photoelectrode without/with TSC under 
AM1.5G (100 mW cm
2
) illumination. ............................................................................ 69 
 
Figure 6.1 a) XRD pattern of the BFO films (inset: cross-sectional SEM). b) Dark J−V 
plots of the structure: Au/BFO/ITO. c) The fluorescence spectra and d) schematics of 
energyband gap alignment of the BFO/ITO undergone the poling of +8V and −8V, 
respectively. .................................................................................................................... 78 
Figure 6.2 a) External quantum yield spectra measured for BFO electrodes before poling 
and after +8 V and −8 V poling. b) Photocurrent-potential characteristics of relevant 
photoelectrodes with different polarization states. Schematics of the mechanisms in 





modifiers to the BFO films after the BFO films (2) were positively c) and negatively d) 
poled, respectively. ......................................................................................................... 80 
Figure 6.3 a) External quantum yield spectra of the BFO electrodes measured with 50 µM 
Rhodamine B and the absorption spectrum of Rhodamine B in water (inset). b) 
Photocurrent−potential measurements under a 590 nm illumination (~1mW/cm2) from a 
monochromator. .............................................................................................................. 83 
Figure 6.4 a) External quantum yield spectra of the BFO electrodes sensitized with CdSe 
quantum dots and absorption spectroscopic measurements of CdSe quantum dots in 
hexanes (inset). b)XRD pattern and TEM image (inset) of CdSe quantum dots. ........... 85 
 
Figure 7.1 Schematic illustrations of CuWO4 arrays fabrication processes by using the 
nanoimprinted AAO templating technique with the assistance of an electrodeposition 
process............................................................................................................................. 90 
Figure 7.2 SEM images of the AAO imprinting template show in large area (a), top view 
as show up the size hole (a1), and cross section view AAO imprinting template. SEM 
fabricated of CuWO4 nanograin arrays (b-e) of the 50 nm, 100 nm, 150 nm, and 200 nm  
(Insert:cross-section),respectively .................................................................................. 91 
Figure 7.3(a) High-resolution transmission electron microscopy image of a CuWO4 
nanograin arrays, taken along the [-110] zone axis, (b) Corresponding selected area 
electron diffraction pattern acquired from the nanograin, (c) XRD pattern of sample 150 
nm in between (inset: Simulated cells inverse FFT of CuWO4). (d) SEM image 
corresponding EDX mapping 150 nm in-between space for (e) Cu element, (f) O element, 
(g) W element ................................................................................................................. 93 
Figure 7.4 The relevant in-between space distributions of the CuWO4 after the annealing 
treatment for different space: 50 nm (No. a1), 100 nm (No. a2), 150 nm (No. a3), and 200 
nm (No. a4). b) Diffused reflectance UV-vis spectra of the 50 nm, 100 nm, 150 nm, and 
200 nm, respectively. c) The photograph of the corresponding one sample 150 nm in-
between sapace................................................................................................................ 95 
Figure 7.5(a) Chopped light LSV of a CuWO4 photoanode in a three-electrode 
configuration described in the text and under AM 1.5G sunlight. The scans are collected 
from −0.2 to 1.4 V versus Ag/AgCl. (b) ABPEs of the relevant electrodes (a), (c) 
Amperometric J-t curves of the electrodes measured at 0.7 V versus Ag/AgCl with 
chopped on-off cycles under AM 1.5G, (d) EQY of the electrodes measured without 
applying an applied bias.................................................................................................. 96 
Figure 7.6(a) Mott-Schottky plots obtained from SPEIS measurements with Nyquist plots 





Figure 7.7 Simulated cross-sectional EM wave distributions of the CuWO4 nanograin at 
the wavelength 420 nm of in-between space (a) 50 nm, (b) 100 nm, (c) 150 nm, and (d) 
200 nm, respectively. .................................................................................................... 104 
 
Figure 8.1 Schematic illustration of the fabrication process of Cu2O NWs with AAO 
template: gold layer deposition (I), Ni electrodeposition (II), aluminum and barrier layer 
removal (III), Cu2O growth (IV), and template removal (V). ...................................... 109 
Figure 8.2 Top view SEM images of the prepared AAO template (a), Cu2O NWs (b) 
(inset is cross-sectional SEM image of Cu2O NWs) and Cu2O films (c). (d) XRD patterns 
of Cu2O NWs and films (inset is mapping of Cu2O NWs). .......................................... 110 
Figure 8.3(a) EQY spectra, (b) photocurrent-potential profiles, (c) time-dependent 
photocurrent density spectra and (d) Impedance spectra of the Cu2O NWs and films 
photoelectrode ............................................................................................................... 111 
Figure 8.4(a) Top view SEM image of Cu2O NWs with Pt NPs, (b) 
photocurrent−potential curves (inset is the photocurrent-time profile of the photoelectrode 
at 0.3 V vs Ag/AgC) and (c) Curves of the time-dependent photocurrent measured for 
Cu2O NWs with Pt NPs (applied −0.3 V Vs Ag/AgCl) (d) EQY spectra of the 
photoelectrode (inset is impedance spectra). ................................................................ 113 
Figure 8.5(a) Schematic illustration of Cu2O NWs/Pt photoelectrode, (b) schematic 
representation of energy band-gap alignment of the Cu2O NWs with/without Pt NPs 115 
 
Figure 11.1(a1) SEM image of CBO films on FTO, and corresponding EDX mapping 
image for (a2) Cu element, (a3) Bi element and (a4) O element.The representative EDX 
spectra of the CBO on FTO (b) and FTO/Au (c). In comparison with the spectrum from 
FTO/CBO, the spectrum of the particles from FTO/Au/CBO does not show the indication 
in containing Au in the crystals. ................................................................................... 127 
Figure 11.2 Simulated absorbance spectrum of the sample FTO/Au. .......................... 128 
Figure 11.3 Raman spectra of CBO and Au/CBO on FTO glass. The distinct vibrational 
peaks at 262, 402 and 585 cm
−1
 demonstrate the presence of CBO, which is consistent 
with the previous report. ............................................................................................... 128 
Figure 11.4 Wavelength−dependent external quantum yield spectra of the photoelectrodes 
with or without Pt catalyst (the spectra were measured in a two-electrode configuration 
without any external bias). ............................................................................................ 129 
Figure 11.5 Hydrogen production on time measured under 0.2 V vs RHE with 
illumination of 100 mWcm
-2 
Xe lamp for the FTO/Au/CBOphotoelectrode with Pt 
nanoparticles. In our case, the water splitting reactorwas small in volume and the amount 
of evolved hydrogen was about µmol scale. Such small amount of hydrogen was quite 





chromatograph equipment. In spite of these limitations, the result clearly shows that the 
FTO/Au/CBO/Pt canactually work as photocathode for hydrogen production. The Faradic 
efficiency was calculatedas 84.49% for the water splitting reactor during 80 min. ..... 129 
Figure 11.6 SEM images of FTO/Au/CBO before (a and c) and after (b and d) PEC 
measurement (3000 s). .................................................................................................. 130 
Figure 11.7 Cyclic voltammetry measurements for determining the depositing penitential 
of Cu2O. In the curve, there are two peaks that can be ascribed to the reduction peak for 
Cu
2+
 to Cu2O and the oxidation peak of Cu2O, respectively. Accordingly, we choose a 
constant potential (−0.4 V vs Ag/AgCl) model for reducing Cu2+ to Cu2O. The resulted 
thin films exhibit a dark red color as shown in the inset of Figure 2.1. ........................ 131 
Figure 11.8 The calculated absorption efficiency in accordance with the thickness of 
Cu2O on FTO/Auby FDTD simulation. ........................................................................ 132 
Figure 11.9 The FTIR spectra for the FTO/Au/Cu2O photoelectrode without/with TSC. 
Both the samples without and with surface treatment show the main peak of Cu2O at 
about 630 cm
-1
. Compared to the naked FTO/Au/Cu2O sample, FTIR spectrum of the 
FTO/Au/Cu2O/TSC exhibitsthe characteristic absorption peaks of carboxyl group of 
sodium citrate, such as 1600 cm
-1
 and 1392 cm
-1
 due to the –COO– symmetric and 
antisymmetric stretching respectively. .......................................................................... 132 
Figure 11. 10 Normalized PL spectra of FTO/Au/Cu2O and FTO/Au/Cu2O/TSC....... 133 
Figure 11.11 SEM images of a) FTO/Au/Cu2O and b) FTO/Au/Cu2O/TSC/TiO2. c) XRD 
of the FTO/Au/Cu2O/TSC/TiO2 electrode. The thin layer of the TiO2 was grown via an 
atomic layer deposition procedure at 200 °C. TiCl4 and H2O were selected as the 
precursors. In comparison with the intrinsic sample shown in Figure S3a, the TiO2 
passivated Cu2O film shows a rough but homogenous surface, indicating a good strategy 
to protect the Cu2O layer from corrosion during the measurements. The XRD pattern 
confirms the presence of TiO2 on Cu2O from other aspect. ......................................... 133 
Figure 11.12 Curves of photocurrent vs time curve under interval on-off light irradiation 
of the FTO/Au/Cu2O/TiO2/Pt and FTO/Au/Cu2O/TSC/TiO2/Pt electrodes, applied -0.25 V 
vs Ag/AgCl. .................................................................................................................. 134 
Figure 11.13 AFM of FTO/Au/Cu2O, FTO/Au/Cu2O/TSC and FTO/Au/Cu2O/TSC after 
PEC measurement.No obvious changes of morphology before and after PEC 
measurement can be observed. ..................................................................................... 134 
Figure 11.14 Raman spectrum of FTO/Au/Cu2O, FTO/Au/Cu2O/TSC and 
FTO/Au/Cu2O/TSC after PEC measurement. The sample of FTO/Au/Cu2O/TSC before 
and after PEC measurement exhibits the same assignment of the main bands of sodium 




 and 1435 cm
-1





Figure 11.15 a) and b) Current density−potential curves and external quantum yield 
spectra for the FTO/Cu2O photocathodes with different surface conditions. For the sample 
without surface treatment, photocurrent is lower than that from the bare photocathodes on 
the basis of FTO/Au/Cu2O, due to the fact that the cubic morphology of the Cu2O 
particles in the FTO/Cu2O structure is disadvantageous in photocatalysis as compared 
with the polyhedral morphology of the particles in the structure of FTO/Au/Cu2O. When 
the FTO/Cu2O photocathode is soaked in TSC solution for 30 min, the photocurrent is 
enhanced markedly, showing the same tendency in the FTO/Au/Cu2O measurements. The 
external quantum yield spectra displayed in Figure 11.15b confirm this statement from 
another aspect. Thus, these data indicate that the surface treatment using TSC is 
applicable to Cu2O films with different particle morphologies. ................................... 135 
Figure 11.16 Absorption spectroscopic measurements of the BFO films .................... 137 
Figure 11.17 Ferroelectric properties of the BFO films: a) P-E hysteresis loops(the inset 
image: P-E hysteresis loops at 5 V; b) leakage current J-V curve ................................ 138 
Figure 11.18 Investigation on the polarizations of the BFO and PZT photoelectrodes 
(inset: P-E loop of PZT films) ...................................................................................... 139 
Figure 11.19 Dependence of external quantum yield on the poling bias for the prepared 
BFO photoelectrode ...................................................................................................... 140 
Figure 11.20 Investigation of tuning charge transfer from excited Rose Bengal and 
Brilliant Green .............................................................................................................. 141 
Figure 11.21 XPS survey of CuWO4, core-level XPS of of Cu2p,  core-level XPS of W 
5d, and core-level XPS of O1s, respectively ................................................................ 142 
Figure 11.22(a) Linear sweep voltammogram of a CuWO4 thin film photoanode in a 
three-electrode configuration described in the text and under AM 1.5G sunlight. The 
scans are collected from −0.2 to 1.4 V versus Ag/AgCl. (b) ABPEs of the relevant 











AAO anodic aluminum oxide 
ALD atomic layer deposition 








copper (II) bismuth oxide 
C cm
-3
 volumetric energy capacity 





copper (II) tungsten oxide 
copper bistmut oxide 
Dint interpore distance 
















potential (e.g., volts)  
signed electron charge 
activation energy 
conduction band edge energy  
fermi level 
flat band potential 
quasi-fermi level for electrons  
quasi-fermi level for holes 
band gap energy 
theoretical maximum potential extractable from a 
photoelectrochemical 
vacuum level 
valence band edge energy 
EBL electron beam lithography 
ED electrochemical deposition 
EDX energy-dispersive detector X-rays 












finite difference time domain 
Fourier transform infrared transmission 
fluorine doped tin Oxide 
J current density 





hydrogen evolution reaction 
high resolution transmission electron microscopy 
IPCE 
ITO 
incident photon to charge carrier efficiency 
indium doped tin oxide 





laser interference lithography 
diffusion length  
linear sweep voltammogram 




multi-tip scanning tunnelling microscopy 
oxygen evolution reaction 
P Porosity 
PA pulse anodization 





plasmon resonance energy transfer 
Pt(MeCp)Me3 trimethyl(methylcyclopentadienyl) platinum (IV) 
R series resistance 





tin (IV) chloride 
staircase potentio-electrochemical impedance 
spectroscopy 





STH solar-to-hydrogen efficiency 
T Temperature 
TEM transmission electron micrograph 
TE thermal evaporation 
tb barrier layer thickness 
tw pore wall thickness 





U anodizing potential 
UPS 
UV-Vis 






ultra-thin alumina mask 
X-ray diffraction 
X-ray photoelectron spectroscopy 
micro Ampere  








Chapter 1. Overview 
1.1 Introduction 
Nowadays, the global energy demands are largely dependent on the supply of fossil 
fuels. These demands, besides that they are huge, are also increasing. Consequently, the 
production rate of oil and natural gas around the world is also bound to increase. It is also 
well predicted that in the near future, our existing supply can no longer fulfill the peaking 
global energy demand.
[1,2]
 Besides this problem on the balance of energy supply and 
demand, the massive use of fossil fuels would also inevitably increase the level of 
abundance of carbon dioxide and other pollutants that are released to the environment. 
The last part may significantly contribute into the overall climate change in the globe. 
The exhaustions of fossil fuels 
[3] 
and the continuing climate change 
[4]
 have forced the 
society to shift from fossil-based energy carrier into a more efficient, cleaner, and 
renewable energy resources. Wind and solar energies are increasingly used as the 
alternatives because of their nature as renewable energy.
[5] 
Electric mobility with 
minimum CO2 emission is also rapidly developed.
[6]
 Further exploration for alternative 
sources of clean energy and its efficient utilization are indeed a very significant issue.  
Solar energy has long been valued as an inexhaustible source for producing electricity 
and clean fuels; also on the scale of the magnitude of the emitted energy that can be 
converted.
[7]
 Up to now, a high diversity of devices has been developed to convert this 
solar energy into clean fuels and electricity, where many of them include sorts of PEC 
water splitting cells.
[8-10]
 However, it remains as a challenge to portably use the converted 
energy or store and utilize them in an electrochemical way. 
 Planar configuration (thin film) is a common structure found on commercial devices 





material preparations and device fabrications, the energy conversion efficiencies of these 
devices are getting closer to the theoretical value. Increasing surface-to-volume ratio and 
large surface area enable the rapid and extensive energy conversion. To further improve 
the energy conversion and storage efficiencies, the idea to utilize nanoparticles and three-
dimensional micro/nanostructures was introduced.
[11,12]
 However, realizing this idea of 
functional devices with thin film of micro/nano particles and nanostructures remains as 
the one of the most challenging issues in today‟s nanotechnology. 
Fabrication methods can be classified into two groups. The first method is top-down 
approach which involves the creation of a pattern on a larger scale and its subsequent 
reduction into nanoscale. Lithography is one of the predominant top-down techniques. 
This class of techniques has a significant drawback; it suffers from high cost and low 
throughput. The second type is bottom-up methods where the process commences with 
atoms/molecules and builds up to nanostructures. As the bottom-up approach involves the 
addition of building blocks to obtain nanostructures,
[13,14]
 the research presented in this 
thesis to develop nanostructures can be categorized into this class additive structural 
creation.
[14b]
 Bottom-up methods possess high throughput as these methods generally do 
not need expensive equipment for the fabrication of nanostructures. Moreover, these 
methods also provide an excellent control towards the morphology within the 
micrometer/nanometer regime. The combination of various deposition techniques to 
obtain thin film of micro/nanoparticles and also controlling the dimension of 
nanostructures is found to be beneficial for achieving high energy conversion efficiency. 
This will be one of the main discussions of this dissertation. 
 
1.2 Outline 





 Chapter 2 presents the fundamentals of electrodeposition to fabricate 
semiconductors, especially semiconductor oxides and their growth as thin films, 
and information regarding nanoporous anodic aluminum oxide templates. This 
chapter also covers the challenges of growing thin films and nanostructure arrays 
of metal oxides. Besides, this chapter also includes the basics of PEC water 
splitting and the preparation of nanoimprinted AAO templates to develop highly 
ordered nanostructures. The fabrication of Cu2O, CuBi2O4, and CuWO4 by 
electrodeposition, and FeBiO3 by spin-coating for PEC water splitting application 
is presented as well. 
 Chapter 3 illustrates the techniques utilized for the characterization and 
performance analysis of the developed photoelectrodes.  
 Chapter 4 focuses on the preparation of novel p-type CBO thin films on FTO 
substrates. Also, the methods to improve the performance of these CBO thin 
films, firstly through the contact modification by Au deposition and then by the 
deposition of additional Pt are discussed.  
 Chapter 5 discusses the preparation and characterization of p-type Cu2O thin 
films. In addition, this chapter also presents a method to further enhance the 
performance of p-type Cu2O thin film-based photoelectrodes through the surface 
treatment using TSC, and the subsequent deposition of TiO2 thin film as a 
protection layer and Pt as a catalyst.  
 Chapter 6 presents the development of BiFeO3 ferroelectric photoelectrodes by 
spin coating deposition on ITO glass substrate.  
 Chapter 7 and Chapter 8 discuss the extended works which are focused on the 
preparation of n-type CuWO4 nanograin arrays and p-type Cu2O nanowire arrays, 





 Chapter 9 elucidates the summary and outlook of this dissertation.  
Certain chapters in this dissertation are representing one or more papers 
published in or submitted to SCI-indexed international scientific journals. It should 





Chapter 2. General Background 
2.1 Fundamentals of electrodeposition 
In recent years, electrodeposited semiconductor nanostructures have become popular 
in solar cells, solar selective coating and optoelectronics applications. However, in the 
case of certain metal oxides, it is still very challenging to achieve nanostructures through 
template-based electrodeposition.
 [15-18]
 Therefore, some research groups have developed 







, etc. Prerequisites to a high efficient and stable solar energy 
conversion in large-scale terrestrial application, electrodeposition of PEC thin film 
semiconductor emerges to fulfil the need for a low production cost. Since then, solar 
selective coatings based on oxides of Ni, Zn, Cr, etc. have been commonly used.
[19,20]
 
Today, by the utilization of all-electrodeposited thin films and nanostructure base on 
oxide p-Cu2O, p-CuBi2O4, n-CuWO4, and p-CuO/n-CuWO4 cells, more than 10% PEC 
solar conversion efficiencies have been reported.
[21-23]
 
 The preparation of thin film and microstructure/nanostructure semiconductors with 
electrodeposition technique has some advantages over other physical and chemical 
deposition techniques. The semiconductor is easier to produce, more economical and 
leaving less residues. Electrodeposition purifies the material in process; therefore, it is not 
required to have very pure starting materials. Electrodeposition is not only useful for 
semiconductors, cases of binary semiconductors (such as Cu, Se, Ge, etc.), intermetallic 
compounds such as InSb, CuTe, NiTe, PbTe, etc., or ternary semiconductors like CuInS2, 
CuInSe2, CuInTe2, etc., and oxide semiconductors can also take advantage of 
electrodeposition in their process of device formation. Semiconductor properties such as 





can be controlled within a reasonable accuracy. By monitoring the applied potential, 
applied current and deposition time, the deposition of materials can be controlled to 
obtain the desired structural parameters.
[24-26]
 
Electrodeposition approach was initially employed successfully to prepare elemental 
semiconductors following the promising features in preparing the thin film PEC water 
splitting and solar cells.
[27]
 Since it is an isothermal process which is mainly controlled by 
electrical parameters like electrode voltage and current density, they are easily adjusted to 
control film thickness, composition, and morphology. Electrodeposition commonly carry 
out in low operating temperatures. Apart from the clear advantages regarding energy 
saving, the low deposition temperature yields sharper junctions without deleterious 
effects of inter diffusion, contamination, and dopant redistribution, which is typical of 
high temperature processes. Electrodeposition is specifically suited for fabrication of 
heterojunction solar energy conversion cells. By simply changing the deposition 
electrolyte, an n-type film can be deposited onto a p-type substrate. 
In electrodeposition technique, the flexibility is attractive. The plating could be 
employed as one of the steps in the preparation of binary or ternary semiconductors 
fabrication. Electrodeposition can be combined with electrochemical and/or chemical 
deposition and/or anodization to obtain the desired quality material. For instance, the 
preparation of CuBi2O4 which is an p-type and Cu2O which is a p-type as a compound 
semiconductor with a different band gap i.e. 1.6 eV and 2.2 eV, respectively. It is a direct 
band-gap semiconductor and was utilized as a photoelectrode material in many 
applications such as solar cells, optoelectronic devices, and kindly for PEC.  
Lokhande et al. and Fulop et al. in their publications
 [32]
 described electrodeposition 
process that later we adopted for the case of oxide semiconductor.
 [28-29]
 The procedures 





a. Direct cathodic electrodeposition from both aqueous and non-aqueous baths. 
b. Electrodeposited copper (II) oxide films have been anodized in a copper, bismuth, 
and tungsten containing solution to obtain Cu2O, CuBi2O4, and CuWO4, 
respectively. 
c. Results of both electrodeposited bismuth and tungsten are heated at high 
temperature in air in order to form CuBi2O4 and CuWO4, respectively. But not for 
Cu2O. 
Most of solar energy conversion selective coatings use metal oxide-based or sulfides. 
They have a demanded band gap and other optical properties in relations to thermal 
emissivity and absorption. Such oxides or sulfides are prepared by metallic deposition 
followed by anodization or modification of the electrodeposition bath. The desired 
morphology for obtaining the pursued optical properties was easily done by the 
electrodeposition method.  
A survey of thin film electrodeposited semiconductors in addition to special report for 
nanostructure will be further explored in this dissertation. The elemental, binary, and 
ternary semiconductors with their electrodeposition and physical-chemical properties are 
described. PEC cells fabricated from electrodeposited semiconductors will be presented 
as well as their solar conversion efficiencies. 
2.2 Principle of electrodeposition for semiconductor 
Theoretically, thermodynamically reversible potentials can be established only if 
some requirements are met under specific conditions. As previously reported
[31,94]
, first, 
all the processes that provide the rise of electrodeposition of metal were rapidly compared 
to other competing reactions. Second, all soluble intermediate species were present in the 
solution at equilibrium concentration. Third, the element was pure and in a well-defined 





Fifth, the crystals size was small by modifier conducting layer. Subsequently, the Nernst 
equation for electrodeposition of semiconductor is indicated as follows: 








)        (2.1) 
where EM is the potential of the metal electrode in a given solution, EM
0
 is the standard 
potential for the reduction to form, R is the gas constant, T is the absolute temperature, n 
is the required number of electrons for the reduction, F is the Faraday constant, and a
+m 
and aM, are the activities of M
+m 
metal ions in the electrolyte and of metal in the deposit, 
respectively. Electrodeposition of metal can happen at more negative potentials than in 
equilibrium potential due to the negligence of interactions of the solute of M
+m 
metal ions, 
with the solvent, or with the complexing ligands. In the latter case, the potentials are 
termed as overpotentials.  
The conditions described above were rarely met in practice and therefore Kroger
[32]
 
introduced the “quasi-rest potentials” concept to help explaining zero current conditions 
that otherwise only estimate the true thermodynamic reversibility. There are a lot of 
kinetic factors influencing the deposition of elemental semiconductors that include the 
rate of the electron transfer reaction and dissociation kinetics of solvated or complex ions. 
On the other side, the co-deposition of binary or ternary or compound 
semiconductors is quite difficult to attain since the favourable conditions for deposition of 
one of the metals can be different from those necessary for the other metals or 
constituents. Moreover, the electrodeposition may become complicated for compounds to 
obtain the desired stoichiometry that usually a necessary critical. Fulop et al.
[34]
 presented 
various factors that influence the co-deposition of binary or ternary combinations of 
materials at any given current density and temperatures
[33-37]
. And these influencing 
factors are (i) individual ions that affect the electrode potentials in the electrolyte, (ii) 





concentrations in the electrolyte, (iv) dissolving tendency of the deposited material in to 
the electrolyte solution, and (v) the hydrogen overpotential on the deposited cathode 
surface. Changes in electrolysis current density and electrolyte temperature can influence 
the aforementioned parameters. Although the direction of the effect of each variable is 
often predictable, it is practically impossible to estimate the scale of the magnitude of the 
change if two or more conditions are varied simultaneously.  
As analysed by Brenner,
[248]
 the condition for the concurrent deposition of two 
dissimilar components (such as A and B) at the cathode can be stated as given below,  
    
      
        (2.2)  
where EA and EB are the equilibrium potentials for the components A and B, respectively, 
and χm and χn are the over-voltages of components A and B, respectively. The equilibrium 
potentials of the components, the stability of the resultant deposit and the activities of the 
ions in solution are important in electrodeposition. 
The equilibrium potentials of A and B are given below: 
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where R is the gas constant, T is the absolute temperature, m and n is the required number 
of electrons for the reduction and oxidation, F is the Faraday constant, aA
-m 
and aA, and 
aB
+n 






in the electrolyte and of A and B in the 
deposit, respectively. Activities of components in the deposit are determined by the 
concentrations and the thermodynamic stability of the deposit.  
Interplay between the components in a deposit, generally pushed the deposition 
potentials to the values that are positive with respect to the potential of the less noble 
metal. It is essential to consider the interaction energy of the components and also to the 





change in the overall kinetics. There is a broad diversity of components phase structures 
and consequently, electrochemical conditions during crystallization i.e. (i) eutectic 
mixtures of metals, (ii) homogeneous solid solutions, (iii) inter-compounds and (iv) 
mixture of different components. As an example, the process of electrodeposition is 
illustrated in Figure 2.1. The mechanism of electrodeposition of elemental or compound 
semiconductors can be listed as follows
[38]
: 
a. The aqueous or complexed metal ion is deposited or transferred as an anion that is 
still partly bound to the surface site. Such sites include the plane surface, edges, 
crevices, corners, or holes within the plane.  
b. The anion diffuses at the surface until it meets a growing edge, or step where 
further dehydration goes on.  
c. Steady transfer or diffusion steps may follow into the airflow direction or vacancy 
or interact with other anions, accompanied by more dehydration until it is finally 
coordinated with other ions (and electrons) and becomes part of the component, 
incorporated into the lattice.  
d. Deposition of metal ions results in depletion in the solution adjacent to the 
surface. Replenishment of ions is necessary for continuous deposition process. 
This replenishment or mass transport of ions can be achieved via three methods 
such as ionic migration, diffusion, and convection.  
Based on the aforementioned points, the electrodeposition mechanism of Cu2O on 
AAO template to acquire Cu2O NWs array, from a copper sulphate bath carrying lactic 
acid and NaOH. The succeeding stage includes a deposition mechanism which count on 
the predominant species in the electrolytic bath, latic acid as lactate acid is a mono-valent 






     (  )          (  )   
          (2.5) 
It indicates that the lactate anions (Lac
−
) would create complexes with the Cu
2+
 
ions in the electrolytic bath in the form of Cu(II)Lac2, while avoiding the precipitation of 
insoluble products at alkaline pH values.
[249]
 The Cu(II) reduction in the lactate complex 
to Cu(I) and the formation of Cu2O in this case would occur in a two-step process given 
by reactions 2.6 and 2.7 below: 
[  (  )    ]   
  [  ( )    ]
        (2.6) 
 [  ( )    ]
                    
      (2.7) 
These include the reduction of Cu(II) in the Cu(II)Lac2 complex to Cu(I) in a 
Cu(I)Lac2 complex, followed by the limitation of Cu
+
 ions. Being pH-dependent, reaction 
2.7 would be hindered when the pH decreases. Nevertheless, it is necessary to emphasize 
that when the electrode potential is negative enough, copper deposition would take place, 
based on the reduction reaction 2.8 
[  ( )    ]
                      (2.8) 
following from reaction 2.6. 
 
Figure 2.1 Mechanism for growth of Cu2O NWs on AAO template with a thin layer of Au 







The formation of such compound comprises the following order of necessary 
occurrences
[90]
 (i) transfer of solvated cations to the cathode, resulting in a polarization 
accord, (ii) neutralization of a nobler ion, (iii) conversion of the cathode surface into the 
layer of adsorbed anions, (iv) complete depolarization of the cathode with respect to the 
less noble ion, (v) reduction of the less noble ion at the rate of first-order electron 
conductance, (vi) polarization of the cathode as the neutral character of surface is restored 
and (vii) building the crystal lattices and nano-macrocrystals of a compound: two or more 
participating elements, through repetition of polarization and depolarization steps. 
2.3 PEC water splitting 
 In one cycle of PEC water splitting system, a single semiconductor with the 
appropriate band gap energy (Eg) is sufficiently large to split water, and with a conduction 
band-edge energy (Ecb) and valence band-edge energy (Evb) that straddles the 
electrochemical potentials E°(H
+
/H2) and E°(O2/H2O), can drive the OER and HER by 
using electrons or holes produced under illumination. This indicates that semiconductor 
has to absorb radiant light with photon energies of larger than 1.23 eV and converting the 
energy into H2 and O2, where according to Nernst equation, based on ΔE° = 1.23 V per 
electron transferred from free energy change for the conversion of one molecule of H2O 
to H2 and 1/2 O2 under standard conditions (ΔG = 237.2 kJ/mol). For OER or HER 
without recombination, photo-induced free charge carriers (electrons and holes) in the 
semiconductor must surpass a liquid junction and the carriers must react only with 
solution species directly at the semiconductor surface. Otherwise, the electron-transfer 
processes at semiconductor/electrolyte junctions would induce energy losses due to the 
concentration and kinetic overpotentials, although they are needed to drive the OER and 





The overpotentials needed to drive water splitting reaction ( H2O ½ O2 + H2) are 
particularly essential for supplanting the valence-band and conduction-band edge 





 H2)  and oxygen ( H2O + 2(h)
+






 When the 
potential of a valence band is not high enough for water oxidation, or when its conduction 
band is not low enough for proton reduction, water splitting reaction can be slow or in the 
range of negligible value.
[39-42]
  
Not only demonstrating an optimal band gap for solar absorption, semiconductor 
photoelectrodes have also shown excellent oxidative/reductive stability in its contact with 
aqueous electrolyte solutions. For thermodynamic stability, a semiconductor reductive 
and oxidative decomposition potentials must be more positive than semiconductor 
valence band-edge potential for water oxidation, or must be more negative than 
semiconductor‟s conduction band-edge for water reduction. Only very limited number of 
semiconductor materials demonstrate the necessary requirements for electrode stability in 
aqueous electrolyte solutions for both water oxidation and reduction simultaneously.
[40]
 
The simplification by theoretical efficiency is based on the conversion of the incident 
solar energy to chemical energy, as shown in the equation below:  
   
   |   |  
  
        (2.9) 
Where               , for closely ideal cell have been usually treated almost as 
independent parameters in the reference. The equation above, that could also be describe 
below: 
  
          
 
         (2.10) 
where Jg is the absorbed photon flux, μex is chemical overpotential generated by light 
absorption, ϕconv is quantum yield for the absorbed photons, and S indicates the total 







In order to calculate efficiencies for water splitting photoelectrode devices, an 
external bias to drive water electrolysis is required, equation of 2.10 can be applied 
(assuming there is no corrosion reaction at photoelectrodes and a Faradaic efficiency are 
in the close agreement in both reactions). As opposed to a three-electrode electrochemical 
cell, these measurements should be performed in a two-electrode configuration to obtain 
the true systems efficiency. The efficiency (η) is calculated from J-V data by using the 
following equation:   
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where         is the storable energy. If we assumed that 
                                            (2.12) 
and on other hand, we found         for 
                                (2.13) 
In the short range between       and        is: 
         *(     
                        
  
)+          (2.14) 
In assuming              , finally corresponding efficiency could be of use equation 
below: 
  
   (           )
   
        (2.15) 
where Jmp is current density measured externally, Vapp is applied voltage measured 
between oxygen-evolving photoanode and hydrogen-evolving photocathode, while Pin is 
the power density of the illumination.  
From current−voltage data gathered from employing a potentiostat in an illuminated 
three-electrode cell, the solar conversion efficiency of individual potential photoelectrode 
materials that might be utilized in a multiple band gap photoelectrolysis cell to drive 





of the materials, it is useful to calculate efficiencies of a photoanode or photocathode 
apart from the other half of water splitting reaction. Characterization of individual 
photoelectrodes generated by the power, represents a part of the Gibbs free energy 
required in splitting water that is important to be acknowledged.
[43-45]
 Therefore, open-
circuit voltage (Voc) and short-circuit current density (Jsc) are referenced to the 
thermodynamic potential of the water splitting reactions (H
+
/H2, O2/H2O) at a certain pH.  
By independently characterizing photoanodes and photocathodes, the expected 
performance of an integrated system with no external electronics can be calculated 
directly. The overall water splitting efficiencies STH for photoelectrolysis cells can be 
estimated by overlapping the individually tested J-V data for each photocathode/anode 
(Figure 2.2).
[39,46]
 The intersection of the two curves indicates the maximum operating 
current density (Jop) for the complete cell. The maximum efficiency for a p/n- PEC cell  
will be obtained when the two curves intersect the closest to their individual maximum 
power points (PPC or PPA= Jmp·Vmp, maximum power for photoanode PPA or photocathode 
PPC). A theoretical p- or n-PEC photoanode/photocathode device is illustrated in Figure 
2.2, describing the power produced for every cell component (shown as green shaded 
area) and the power generated at the maximum operating current density (shown as 






Figure 2.2 Overlaid current density-potential behavior of a p-type photocathode and an n-
type photoanode, with overall efficiency projected by the power generated PSTH = Jop 
(1.23 V) by the cell for water splitting. (Modification based on figure from ref. 46). 
2.4 Applications of electrocatalysts for solar water splitting  
At present, there is no shortage of available options of HER and OER catalyst. 
However, the specific concerns are related to the attachment of catalysts directly to 
semiconductor surfaces that place significant constraints on which of the known systems 
can, or should, be utilized. 
Several considerations make the development and utilizations of catalyst materials to 
be used in splitting water systems, and coupling these catalysts to light-absorbers, 
different from catalysts utilization in standard electrolysis. One of the most significant 
differences is that light-coupled electrolysis needs absorbers with large areas to maximize 
solar flux capture. When a catalyst is directly deposited on the absorber surface, it will 





Consequently, commercial electrolysis systems run at current densities as high as 1 A 
cm
−2
, while approximately a hundred-fold smaller flux. 
Concomitant to the reduced material performance requirements, however, a more 
stringent requirement on the cost of catalyst materials appears, as comparatively more 
mass of catalyst is likely to be required in covering the relevant area. Many of the 
problems with the stability of conventional metal, metal oxide electrodes, and metal 
composite is attributed to the requirement of running electrolyzers at high current 
densities, in highly caustic environments, and at elevated temperatures. In semiconductor-
coupled systems, none of these are required. Thus, in these cases catalysts can be 
expected to be more robust. 
Another method to explain this behavior is evaluating the photocurrent density 
required in matching the incoming solar flux in a light-coupled cell, based upon the 
geometrical (i.e., projected) area of the cell. Catalyst or absorber substrate which is highly 
structured could have an active surface area ten times larger than its projected area. It 
brings an implication that the coupled catalysts would only need to produce a few 
mA.cm
−2
 of electrochemically active catalyst area. As a result, high surface-area forms of 
cheap, large materials, e.g. pure transparent nikel, could be sufficient to serve the 
catalysis needed for those types of systems. 
Photoelectrolysis catalysts must not obscure a high fraction of light incident on the 
surface. Transition metal or conductive metal oxide catalysts will oftentimes absorb or 
reflect some of the light, lowering the resulting efficiency. A thick and continuous 
catalyst layer with an extremely high surface area like that found in industrial 
electrolyzers, while might be sufficiently catalytic, is practically useless for a 
semiconductor-coupled system. This is because the metal over layer will absorb or reflect 





activity can possibly be mitigated together either by developing catalysts that are TCO or 
by moving toward systems in which both the catalyst and the absorber are micro- or 
nanostructured, so as to produce a high surface area for both. Alternative choice is to 
actually take advantage of the optical properties of a catalyst material or an absorber so as 
to enhance rather than to diminish light absorption.
[169]
 
There is another unique consideration to light-coupled water splitting systems, which 
is the set of restrictions on the deposition of catalysts imposed by the nature of the 
absorber material. Specifically, high-temperature and/or metallurgical preparation 
methods are not likely to be useful due to the likelihood of undesired reactions with the 
absorber medium under such conditions, e.g. silicide formation for metallic catalysts on 
common semiconductors Si at high temperatures. Solution-phase (electro and 
electrolyzers) and vacuum (evaporation, sputtering) deposition processes are instead 
necessary to protect the absorber integrity. This constraint renders many of the most 
active and robust dark HER and OER catalysts inaccessible, unless alternative processing 
methods can be developed in creating materials that have comparable catalytic activity 
and stability. 
Another essentially unique consideration to light-coupled water splitting systems is 
the need for contacting semiconductor intimately with catalyst material. In the case of 
semiconductor/liquid junctions, for instance, it will be crucial to ensure that highly 
rectifying or appropriately “pinched off” contacts are taken place between metal and 
semiconductor. Furthermore, interfacial energy states created at metal−semiconductor 
contacts could enlarge interfacial recombination losses, causing inclination to decreased 





2.5 Micro and nanostructure effects on the efficiency of photoelectrodes 
Recently, most current interest has been addressed to the utilization of micro- 
nanostructured electrodes for solar energy conversion in the form of either photovoltaics 
or direct photoelectrolysis cells.
[45,81,169]
 Compared to a planar system, the main 
advantages usually associated to a structured electrode are the decoupling of the 
directions of light absorption and charge-carrier collection.
[38,172]
 At the beginning, 
discussing about conducting band related as a measure the potential before the distance 
which a minority carrier can diffuse before recombining is termed as the diffusion length 
(LD) and is formulated as equation below: 
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The diffusion coefficient is proportional to the minority-carrier mobility, μ (m2 V−1 s−1), 
by the Einstein relation, equation (2.17):  
   
   
 
   for electron, and 
   
   
 
   for holes        (2.17) 
Therefore, herein assume that there is in linear concentration profile over a distance 
which corresponds to diffusion length as defined by:  
   (  )
             (2.18) 
where τ is minority-carrier lifetime and D is the minority carrier diffusion coefficient. 
The direction of light absorption in a traditional, planar solar cell is the same as that 
of charge-carrier collection. Therefore, to build an efficient cell, the absorber must be not 





quality (i.e., purity and crystallinity) such that the excited minority carriers 
photogenerated deep within the sample are able to diffuse to the surface, where they can 
be collected. This constraint requires that the absorption length LD ≥ 1/α, with α is the 
absorption coefficient of the semiconductor near the band gap energy. In order to achieve 
sufficient diffusion lengths in a planar geometry, high purity semiconductors along with 
few defects that function as recombination sites in general must be employed. 
The requirement in diffusion length can be decoupled from the absorption length if 
non-planar geometries, for example a semiconductor rod array, are implemented (Figure 
2.3). As has been indicated through device physics modelling, and explained 
experimentally in several different configurations
[38,47-51]
, high surface area 
semiconductor structures shorten the distance which minority carriers must travel, and 
hence enable the near-unity collection efficiencies despite short minority carrier diffusion 
lengths. 
 
Figure 2.3 Thin film as a planar device (A), before collecting the carrier, photogenerated 





absorption coefficient. In a grain or wire-array cell (B), carriers must only reach the core 
surface before recombination. LD is the diffusion length of the photogenerated minority 
carrier (open circle), (modification from ref. 46). 
Increasing the junction area of a semiconductor photoelectrode via micro-nano 
structuring has also been demonstrated to lower the Voc and in this respect is detrimental 
to device performance.
[47,51]
 This behaviour is expected from an essential analysis of the 
dependence of Voc on the dark and light currents. The phenomenon of decreased Voc upon 
increased junction area is caused from the reduced splitting in the quasi-Fermi levels 
when the photogenerated charge carriers are diluted over a large junction area.
[51-55]
 This 
situation holds even in the ideal case when surface recombination is negligible and 
recombination in the quasi-neutral of bulk region dominates the system performance. The 
photovoltage is predicted to decrease by around 60 mV per order of magnitude increase in 
junction of the semiconductor/electrolyte area. 
Practically, the implication of this effect implies that the junction area should be 
enhanced enough to collect all the carriers radius of LD but not more, in order to achieve 
the highest performance from a rod-array electrode. This analysis also suggests that 
unless their geometries also significantly enhance light absorption, highly nano-structured 
semiconductor electrodes will prone to a loss in Voc, thereby offsetting the loss from 
charge-carrier dilution. 
2.6 Nanoimprinted AAO template 
2.6.1 Structure of nanoimprinted AAO template 
This section is elaborated the nanoimprinted AAO template as one important part 
of this dissertation. Figure 2.4(a) exhibits a representative schematic structure of AAO 





including top surface, barrier layer and bottom surface. Nanoimprinted AAO template 
has a numerous mutually honeycomb-like nanopores. Every cylindrical nanopore and its 
surrounding oxide composes a hexagonal cell aligned normal to the metal surface. At the 
metal/oxide interface, a thin barrier oxide layer with an approximately hemispherical 
morphology closes the nanopore. The oxide cells are self-organized to form a 
hexagonally close-packed structure, under proper anodization conditions. On the other 
hand, the surface of the aluminum after complete removal of the porous oxide layer is 
textured with arrays of concave features.  
 
Figure 2.4(a)  Schematic structure of nanoimprinted AAO template after the anodization 
on Al foil. SEM images of nanoimprinted AAO template: (b) top surface, (c) barrier 
layer, and (d) top view after removed the nanoimprinted AAO templates, respectively. 
The thickness of the AAO template on aluminum is proportional to the total charge 
(Qc) involved in the electrochemical oxidation. Thus, the depth of nanopores is easily 
(a) (b)
(c) (d)






tunable about tens of nanometers aim hundreds of micrometers by controlling 
anodization time (t). Generally, the structure of self-ordered AAO template is frequently 
defined by some structural parameters, such as between pore distance (Dint), diameter of 
pore (Dp), barrier layer thickness (tb), wall thickness of pore (tw), pore density (  ), and 
porosity (P). For ideally ordered porous nanoimprinted AAO template, the following 
relationships can be drawn by using simple geometric consideration:  
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nanoimprinted AAO template structural parameters are recognized to be dependent on 
the anodizing conditions: anodizing potential (U), current density (j), the type of 
electrolyte, temperature (T), etc. Among those conditions, anodizing potential (U) and 




2.6.2 Formation of nanoimprinted AAO template 
Generally, potentiostatic anodization is commonly used for fabricating self-ordered 
porous nanoimprinted AAO template, due to the linear dependence between the applied 
potential (U) and the structural parameters of the resultant nanoimprinted AAO template. 
Figure 2.5a and Figure 2.5b exhibit a typical current (j) − time (t) curve for constant-








Figure 2.5 Schematic diagram of the kinetics of porous growth in potentiostatic (a): 
current (j) − time (t) curves, and galvanostatic (b): potential (U) − time (t) curve, together 





curve for constant current anodization, along with schematic illustrations of the stages of 
porous structure formation (Figure 2.5c). When a constant-potential (U) is applied, 
gradually compact barrier oxide starts to grow over the entire aluminum surface (stage I). 
Consequently, the thickening of the initial barrier oxide over time (t) resulting in an 
increase of series resistance (R) of the anodization circuit. Current (j) effect is initially 
maintained at the limiting current (jlimit) of the power supply and appropriately, potential 
(U = jR) increases linearly with time (t) (see the inset of Figure 2.5a). Because of the 





layer reaches a particular value where current (j) decreases rapidly to hit the minimum 
(stage II). In this regard, O‟Sullivan and Wood[68] suggested that current that concentrates 
on local imperfections (e.g., defects, impurity, pits) that exist on the antecedent barrier 
oxide, resulting in irregular oxide thickening and pore excitement at the thinner oxide 
areas. Thompson and co-workers 
[11,69-71]
 have proposed that local cracking of the initial 
barrier oxide due to accumulated tensile stress (PBR < 1) may build the paths for 
electrolyte penetration. Local increase in field strength at the penetration paths 
effectively polarizes the Al−O bonds, facilitating field-assisted oxide dissolution and 
eventually leads to the development of individual penetration paths into embryo pores.
[76]
 
Accordingly, further anodization leads to a gradual increase in current (j) to a local 
maximum because of the ready diffusion of electrolyte (stage III). Afterwards, current (j) 
reaches a steady state after leave an overshoot (stage IV). The arrival of current 
overshoot has been associated to the decrease of the initial pore density with the steady-
state growth of major pores: pores increase in size by persistent merging with adjacent 
pores.
[72-73] 
For a given set of anodization conditions, the potential rate increases at the 
first of anodization, the value of the minimum current necessary, the time anodizing 
current to reach a steady value and the present of the current overshoot has been known 
to be directly dependent on the anodizing potential (U), electrolyte pH, temperature, and 
lastly the initial surface state of the aluminum.
[74,75]
 
In the case of galvanostatic anodization, a similar progression can be observed for 
stages I−IV, while the potential (U) changes as a function of time (Figure 2.5b). Under 
constant-current conditions, the oxide growth rate should be proportional to the applied 
current density (j) and constant according to the Faraday‟s law. In addition, a constant 
electric field (E = U/tb) is required to sustain the applied constant current (j)
[77-79]
. 





growing barrier oxide (tb) as shown in the inset of Figure 2.5b. In practice, however, the 
evolution of potential (U) deviates from a simple linear behavior as time increases 
(Figure 2.5b). But, for convenience, various mechanisms governing such a deviation 
have been referred to as growth instabilities, which include, for example, mechanical 
breakdown during zirconium anodization and surface undulation/pore initiation during 
aluminum anodization.
[75,80]
 Figure 2.5b shows a gradual deceleration of potential (U) 
increase at stage II. A potential evolution like this could also be attributed to 
morphological instability, which is a transition from the stage of barrier oxide growth to 
























Chapter 3. Experiments, Instrumentations and Calculations 
3.1 Electrochemical deposition 
In general, electrochemical deposition is used for growing metals, metal oxides, and 
conductive polymers for the following advantages: (i) the thickness and morphology of 
the nanostructure can be controlled precisely by adjusting electrochemical parameters, 
(ii) relative uniform and compact deposits can be synthesized in template-based 
structures, (iii) higher deposition rates are obtained, and (iv) the equipment is 
inexpensive because of the absence of either a high vacuum or a high reaction 
temperature.
[67]
 A simple modification in electroplating process is pulse electroplating. 
This process involves the swiftly alternating of the potential or current between two 
different values resulting in a series of pulses of equal amplitude, duration and polarity, 
separated by zero current. It is possible to change the composition and thickness of the 
deposited film and nano arrays by changing the pulse amplitude and width. All the 
electrochemical depositions in this dissertation are performed by using an 
electrochemical workstation (BioLogic, Inc.). 
3.2 Atomic layer deposition (ALD) 
ALD has attracted much attention as a versatile methodology for thin film 
deposition because of conformal and uniform deposition of thin films on substrates with 
complicated 3D morphology.
[67, 83]
 In ALD, a thin film of desired material is developed 
in a layer-by-layer manner by repeating a reaction cycle constructed within four 
consecutive steps: (i) reactant A exposure, (ii) purge (or evacuation) of unreacted excess 
gas molecules and reaction byproducts, (iii) reactant B exposure, and (iv) subsequent 
purge. So far, a wide range of materials has been grown by ALD.
[79,88-90]
 The materials 




semiconductors (ZnO, TiO2, TiN, CuS, et al.) in both crystalline and amorphous phases. 
In this dissertation, five types of materials, including TiO2, ZnO, Al2O3, SnO2, and Pt, 
are prepared for the different purpose. All of the ALD reactions in this dissertation are 
carried out in Picosun SUNALETM R150 ALD System. 
3.2.1 Atomic layer deposition of TiO2  
Titanium (IV) chloride (TiCl4, Sigma-Aldrich) and distilled-water (H2O) are used 
as the precursors of Ti and O, respectively. During the deposition process, the reactor 
was held at a temperature of 300 °C and the N2 carrying gas was kept at 100 sccm. The 
detailed recipe for TiO2 growth is revealed in Figure 3.1. The growth rate of TiO2 is 
approximately 0.6 nm per cycle and the cycle numbers are defined by the purpose.  
 
Figure 3.1 One cycle of TiO2 growth, including the N2 purging, TiCl4 pulsing, and H2O 
pulsing times. 
3.2.2 Atomic layer deposition of Pt 
Trimethyl (methylcyclopentadienyl) platinum(IV) (Pt(MeCp)Me3, 98%, Sigma-
Aldrich) and Oxygen gas (O2) are used as the precursor of Pt. The reactor is controlled at 




different deposition steps. The temperature of Pt(MeCp)Me3 canister was maintained at 
80 °C. The N2 carrying gas is kept at 100 sccm, during the deposition process, the 
pressure values for Pt(MeCp)Me3 line and O2 line was ~ 10 hPa. The innovative recipe 
for Pt growth is revealed in Figure 3.2. First, the N2 carrying gas was kept at 100 sccm. 
Next, during the low N2 filling period, the N2 carrying gas was decreased to 60 sccm, the 
pressures for Pt(MeCp)Me3 line and O2 line in low N2 filling period was ~ 28 hPa. One 
typical innovative ALD growth cycle consists of Pt(MeCp)Me3 pulsing (1.0 s)–low N2 




3.3 Preparation of nanoimprinted AAO templates 
For imprinting template we describe several points as follows: 
 





(1) Al foil preparation: High-purity (99.99+%) aluminum foil of about 0.22 mm 
thickness was used as the starting material. The aluminum foil was first degreased 
with acetone, and then ethanol for 10 min, respectively; finally, it is electropolished 
in a 1:9 solution of perchloric acid and ethanol. 
(2) Ni imprinting mold preparation: First, Silicon master was molded with nanohole 
array (400 nm and 800 nm spacing, square- and hexagon-arranged, AMO GmbH) is 
rinsed in Piranha solution (H2SO4/H2O2; 3:1) for 30 min with ultrasonication. After 
that, surface modification was carried out by treating Si master mold with 3-
aminopropyltriethoxysilane (3-APTES; 1.0 vol% in CH3CH2OH) at 65 °C for 1h. 
Then, a 15 nm thick Au layer was evaporated on the surface of Si master mold by 
EBPVD. Au layer was used as a conductive layer for subsequent Ni film 
electrodepostion. Ni film electrodeposition was conducted in a Ni plating solution. 
The typical current density for Ni electrodeposition is 10 mA cm
-2
. After the 
electrodeposition, Ni imprinting mold with ordered nanorod array is reached by 
stripping Ni film from Si master mold and Si master mold can be recycled many 
times without noticable damages.  
(3) Imprinted template preparation: Ni imprinting mold is used for the imprinting 
process on Al foil. Typically, the imprinted Al foil was attained by applying a 
pressure of about 10 kN cm
-2
 for 3 min by using an oil pressing system. About 1 cm2 
nearly defect-free imprinted areas have been successfully obtained, in which the 
formed concave pattern thereby as the initial sites to guide the template growth in the 
subsequent anodization. For 400 nm spacing imprinted Al, anodization was carried 
out under a constant voltage of 160 V in a H3PO4 solution (0.4 M) at 15°C, where the 
anodization voltage is chosen to satisfy the linear relationship between the interpore 
distance and the anodization voltage (2.5 nmV
-1




electrolyte are maintained by a homemade cooling system. After the anodization, 
square and hexagonal pore arrays with 400 nm spacing are obtained over the whole 
imprinted area. For the 800 nm spacing imprinted Al, the anodizatin is conducted 
under a constant voltage of 320 V in a mixture solution (2.5 mL of 1.0 wt% H3PO4, 
1:1 v/v% of 4.0 wt% citric acid and ethylene glycol) at 15 °C. 
3.4 Deposition of Ni film  
Nikel (Ni) film deposition was conducted in a Ni plating solution consisting 
8.41×10
-2
 M Nikel (II) chloride (NiCl2, Sigma-Aldrich), 1.59 M Nikel sulfamate (II) 
tetrahydrate ((Ni(SO3NH2)2·4H2O, Sigma-Aldrich), and 0.33 M Boric Acid (H3BO3, 
Sigma-Aldrich). The typical current density for the Ni electrodeposition is 10 mA cm
-2
. 
Ni film is deposited with a current density of 1.0 mA cm
-2
 in the same Ni plating solution.  
3.5 Electron beam physical vapor deposition 
Electron beam physical vapour deposition is a form of physical vapour deposition, in 
which a targeted anode is bombarded with an electron beam given off by a charged 
tungsten filament under high vacuum.
[81]
 The electron beam causes atoms from the target 
to transform into the gaseous phase. These atoms then precipitate into solid form, coating 
everything in the vacuum chamber (within line of sight) with a thin layer of the anode 
material. In this dissertation, Ti and Au depositions are performed using Kurt J. Lesker. 
3.6 Electroconductivity characterization 
3.6.1 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 
spectroscopic technique to measure the elemental composition at the parts per thousand 
range, empirical formula, chemical state and electronic state of the elements that exist 
within a material. 
[84,87]




rays while simultaneously measuring the kinetic energy and number of electrons that 
escape from the top 0 to 10 nm of the material being analyzed. This requires high vacuum 
(P ~ 10−8 millibar) or ultra-high vacuum (UHV; P < 10−9 millibar) conditions, even 
though a current area of development is ambient-pressure XPS, where samples are 
analyzed at pressures of a few tens of millibar. XPS was employed to verify the chemical 
states of prepared samples in the whole work. All XPS measurements were recorded on a 
VG MultiLab 2000 system with a monochromatic Al Kα source operated at 300 W. 
3.6.2 Field emission scanning electron microscopy 
The field-emission scanning electron microscopy is a state-of-the-art electron 
microscope, which is an analytical method to investigate the morphology of specimen in 
micro-nanometer regime. The field-emission cathode in the electron gun of microscope 
provides high electron energy, while as well as narrower probing beam at low, allowing 
for ultra-high resolution electron imaging (>10 nm at 1 kV) for samples. Even the 
conductivity of the samples is not good. And it also minimizes the damage of samples. 
Thus, in this process, the FE-SEM images were almost employed exclusively to 
investigate the nanostructure morphologies of the prepared samples. All measurements 
were performed on an ultra-high resolution Hitachi S4800 FE-SEM and Auriga Zeiss FIB 
at around 5-8 nm working distance with acceleration voltages in the range of 3-15 kV, 




3.6.3 Transmission electron microscopy experiments and methods 
Transmission electron microscopy (TEM) is a microscopy technique in which a beam 
of electrons is transmitted through an ultra-thin specimen (the thickness is less than 200 
nm), interacting with the specimen as it passes through. The interaction of electrons 




onto an imaging device. Owing to the small De-Broglie wavelength of electrons, TEM 
was capable of imaging at a much higher resolution than FE-SEM (sub-nanometer 
resolution and even single atom resolution). Therefore, TEM and scanning transmission 
electron microscopy (STEM) of JEOL JEM-2010F with an acceleration voltage of 200 
kV were employed in this work to observe fine details, particularly the crystal structures 
of the prepared samples. The more details for the work principles of TEM are widely 
discussed and can be found in literatures.
 [84]
 TEM samples were prepared on a Quantifoil 
R 2/2 TEM grid with a Cu 400 mesh and a 12 nm thick holey carbon film (hole size 2 
μm, period 4 μm). The sample with ethanol in vessel was placed into an ultrasonic bath 
for some minutes. Furthermore, a single drop of the solution is dispersed on a TEM grid 
and dried at ambient condition.  
3.6.4 Energy dispersive X-ray spectroscopy 
To study the chemical composition and elements distribution of samples, EDS was 
utilized 
[86-87]
. EDS system on FE-SEM and TEM detects X-rays emitted from the sample 
as a result of the high-energy electron beam penetrating into the sample. X-ray spectra 
can be collected and analyzed, yielding quantitative elemental information about the 
sample. Most of elements could be detected at concentration on the order of around 0.1 
wt%. EDS line scanning and EDS mapping were also performed in this work.  The 
powder XRD were recorded on a Bruker D8 Advance equipped with graphite 
monochromatized high-intensity Cu Kα radiation (λ = 1.54178 Å). The morphologies 
were observed with a JEM-2100F TEM operated at an acceleration voltage of 100 kV. 
High-resolution transmission electron microscopy image and the corresponding selected 
area electron diffraction (SAED) analyses were attained at an acceleration voltage of 200 
kV. The EDX mapping was obtained on S4800 HITACHI (Japan). Room–temperature 






 Ultraviolet photoelectron spectroscopy (UPS) data were obtained 
on a modified Physical Electronics photoemission system (Kratos Axis UtraDld) which 
has been incorporated into a custom-built ultrahigh vacuum (UHV) with a base pressure 
of 3 × 10 
−8
Torr. A SPECS UVS He I lamp at 21.22 eV was used as UPS source. In 
transient photoluminescence measurements, the specimens were optically excited by a 
420 nm SHG (second harmonic generation) signal from a femtosecond Ti: sapphire laser 
system, with a repetition rate of 80 MHz. The photoluminescence signal from the sample 
was collected by a NA=0.42 lens and sent to a 0.75 m focal length spectrometer.
[87]
 Time-
integrated photoluminescence was detected by a liquid-nitrogen cooled Si-CCD, while 
the photoluminescence lifetime was analyzed by an avalanche photodiode together with a 
time-correlated single-photon counting module. 
 
3.7 Photoelectrochemical characterization 
3.7.1 Photocurrent 
The photocurrent in this work was characterized by an electrochemical analyzer 
(BioLogic SP-200) under solar light irradiation. The solar light was provided by a solar 
simulator (Newport solar simulator with 300 W Xenon lamp, AM 1.5 global filter). In this 
work, the simulator provided a controllable indoor test facility under laboratory 
conditions for testing solar storage and conversion devices. In this process, it is calibrated 
to 100 mW·cm
-2
 (1 sun condition) by a Si photodiode (Newport Model 818). The  
photocurrents were measured in a standard three-electrode system with prepared samples 
as the working electrode, a Pt mesh as the counter electrode, and Ag/AgCl as the 
reference electrode. All three electrodes were placed in a quartz cell. And 0.1 M Na2SO4 
aqueous solution was used as the electrolyte which was bubbled by high-purity N2 





3.7.2 Incident photo-to-current efficiency 
The IPCE is a parameter to evaluate how efficient the device converts the incident 
light into electrical energy at a given wavelength. The external quantum efficiency and 
internal quantum efficiency are two types of efficiencies. They are the ratio between the 
number of collected carriers and the number of all the incident photons on the device 
active area, or all the absorbed photons by only the active absorber at a given wavelength, 
respectively. In this work, IPCE was investigated by QEPVSI-b quantum efficiency 
measurement system from Newport without the applying of bias.  
 
3.8 Electrochemical characterization 
For electrochemical characterization of photoanode and photocathode for hydrogen 
evolution reaction, all the measurements were carried out on a Bio-Logic VSP 
electrochemical work station in ambient condition. The three-electrode measurement 
system was applied during the test period, as indicated in Figure 3.4. A working electrode 
(prepared samples), counter electrode (1 cm
2 
platinum foil) and Ag/AgCl reference 
electrode (3 M KCl) were included. The specific capacitance, cycle stability and 
impedance spectroscopy were conducted via this system. The 1.0 M Na2SO4 was utilized 
as electrolyte in testing the performance of photoanode and photovathode. Linear Sweep 
Voltage or Cyclic Voltammetry was performed at scan rates from 5 to 50 mV·s
-1
. A 
potential window in the range of −0.5 to 1.2 V was utilized in all measurements of 





Figure 3.3 (a) The photolectrochemical characterization of photoanode and photocathode 
for hydrogen evolution reaction, all the measurements are done using an electrochemical 
work station at ambient condition for thin film (b), and nanostructure (c), respectively. 
For the electrocatalytic performance of Pt as counter electrodes, 2 mg of as-prepared 
catalyst (or commercial Pt/C catalyst (10 wt % loading, Sigma-Aldrich)) was dispersed in 
0.98 mL of isopropanol and 20 μL Nafion 117 solution (Sigma-Aldrich). Followed by 
sonication till well-dispersed ink, and afterward 30 μL of the catalyst ink was spin-coated 
on 1 cm x 1 cm carbon paper (Toray, Japan), and dried under room temperature. As the 
working electrode, prepared carbon paper was used. Saturated calomel electrode (SCE) 
and platinum plate were utilized as reference and counter electrodes, respectively. All 
potentials in this process were converted to that of reversible hydrogen electrode by RHE 
calibration explained in literatures.
[85,33]
 In our system, ERHE = ESCE + 0.272 V.  
Prior to the electrochemical measurement, the electrolyte (0.5 M H2SO4) was 
degassed by bubbling with high-purity N2 for 30 min. The polarization curves were 




to 50  mV·s
‒1
. The data were recorded after applying a number of potential sweeps until it 
was stable. The polarization curves were re-plotted as overpotential (η) versus log current 
(log J) to get Tafel plots for assessing of the HER activities of investigated catalysts. The 
Tafel slope (b) could be obtained by fitting the linear portion of the plots to the Tafel 
equation (η = b log(j) + a). The accelerated stability tests were carried out in N2-saturated 
0.5 M H2SO4 solution at room temperature by potential cycling between −0.7 to ‒0.2 V 
versus SCE at a sweep rate of 100 mV·s
-1
 for 1000 cycles. The resulting electrode was 
used at the end of the cycles for HER polarization and CV curves at a sweep rate of 5 aim 
50 mV·s
‒1
. All the polarization curves were corrected with iR-compensation.  
The capacitance-potential data from the measurement all of samples were analyzed 
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+      (3.1) 
where C is the interfacial capacitance (i.e., capacitance of the semiconductor depletion 
layer), ε is the dielectric constant of compartment, ε0 is the permittivity of free space 
(8.85×10−12 F m−1), NA is the number density (cm
−3
) of acceptors in photocathode and 





), T is the absolute temperature (298 K) and e is the elementary charge 
(1.6×10
−19
 C). The intercept (V0) of a plot of 1/C
2
 versus the bias potential (in the reverse 
bias regime) on the potential axis affords a value for the flat-band potential, VFB after the 
small thermal correction, kT/e is made: 
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The carrier concentration, NA can be obtained from the slope (S) of the M-S plot: 
   
 
       




In BiFeO3 photoelectrode case in this dissertation, the dark leakage current J-V 
characteristic of ferroelectric film was relevant to the top and bottom Schottky barrier 
height and the Schottky emission can be expressed as
[215]
: 
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)
  
)         (3.4) 
where   ,  ,    and   ,  are the effective Richardson constant, potential barrier height, 
permittivity of free space, and dynamic dielectric constant, respectively. Em is the 
maximum electric field at the Schottky interface and equation (2.4) could be transformed 











   
      
     (3.5) 
Considering that Em is proportional to the applied voltage V,  vs V
1/2
 plots should be 
linear at a constant T. Thus, the intercept at V=0 gives the value: 
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        (3.6) 
From equation (2.6),  could be obtained easily since  is linearly dependent on the 1/T. In 
addition, the temperature has to be selected above 400 K so that the trapped carriers are 
sufficiently activated and the current is stable during the measurement.
[164]
 Plotting the   
vs 1/T curves, Schottky barrier height at BFO/ITO is obtained as 1.24 eV, in good 
agreement with the reported values.
[178]
 
3.9 Solar simulator and quantum efficiency measurement system 
A solar simulator is a device to provide illumination approximating natural sunlight. 




laboratory conditions, applied for the testing of PEC, plastics, sun screen, and other 
materials and devices.  
In this dissertation, Oriel solar simulator (300 W Xe lamp, AM 1.5 global filter) was 
used as the light source. A Si photodiode (Model 818, Newport) calibrated the simulator 
to 1 sun (100 mW cm
-2
). For different wavelength range requirement, optical filters (420 
nm and 550 nm cut off) were used in front of AM 1.5G. The IPCE of the devices is 
measured without applying bias using QEPVSI-b Quantum Efficiency Measurement 
System (Newport). Chopped illumination (20 Hz) recorded the measurements and no 
external bias was taken place during the measurements in order to get a pure 
photocurrent signal. The output current signal was fed to a Merlin digital lock-in 
radiometry system and the output signal from the lock-in amplifier was connected into a 
computer held by TRACQ BASIC software. 
3.10 Gas chromatography 
Hydrogen production was measured under 0.2 V vs RHE with illumination of 100 
mW cm
-2
 Xe lamp for the FTO/Au/CBO photoelectrode with Pt nanoparticles. In our 
case, the water splitting reactor was small in volume and the amount of evolved hydrogen 
was about μmol scale. The small amount of hydrogen created easiness to dissolve in the 
electrolyte solution and could not be easily detected by the gas chromatograph equipment. 
For the FTO/Au/CBO photoelectrode with Pt nanoparticle hydrogen production was 
measured under 0.2 V vs RHE with illumination of 100 mW cm
-2
 Xe lamp. In our case, 
the amount of evolved hydrogen was approximately μmol scale, and the water splitting 
reactor was low in volume. In this low amount, hydrogen was quite easy to dissolve in 






3.11 Finite-difference time-domain simulation 
FDTD solutions is a 3D Maxwell solver which is capable to analyze the interaction 
of UV, visible, and IR radiation with complicated structures by applying wavelength scale 
features.
[82-84,87-90]
 FDTD has been acknowledged as the preferred method to conduct 
electromagnetic simulations for photoelectrochemical cells. In this process, to identify the 
light utilization of the prepared nanostructure arrays, FDTD was employed to simulate the 
electromagnetic field distribution and the according photo absorption of simples. It could 
serve as a support to the experiment results and a consultant to optimize the structure and 
composition. The parameters of the Cu2O thin film, CuBi2O4 thin film, and CuWO4 
nanograin arrays were derived from SEM image and a sparse density of Au NPs with the 















Chapter 4. p-Type CuBi2O4: an Easily Accessible Photocathodic Material for High-
Efficient Water Splitting 
4. 1 Introduction 
 Utilizing earth abundant and easy accessible materials to capture the solar 
energy and store it in chemical bonds like H2 has been proven to be a feasible 
approach to address the current energy challenge.
[91]
 According to electronic 
properties, the employed active materials could be divided into two types: 
photoanodic materials and photocathodic materials.
[92]
 Photoanodic materials are 
usually n-type materials, whose interface with the aqueous electrolyte presents a 
band-bending beneficial for conducting photo-generated holes to the interface and 
driving water oxidizing reactions.
[91,97–99]
 Photocathodic materials are always p-
type materials and the according band-bending is preferential to generate hydrogen 
by transferring electrons at the interface.
[100-102]
 So far, most of the efforts on the 
water splitting has been concentrated on the photoanodic materials, considering 
that n-type materials are easier to be acquired than p-type materials by low cost 
accessible procedures.
[93]
 Finding an appropriate photocathodic material is still 
challenging yet significant, since the photocathode is the PEC electrode that 
produces hydrogen directly.  







 etc, yet these materials either have an inappropriate band gap structure 
for solar energy absorption or prone to corrosion in the applicable solution, and 
thus it is highly required to pursuit a suitable material for water splitting. 
Alternatively, p-type CuBi2O4 (CBO) possesses a band gap value from 1.5 to 1.8 
eV,
[109-110]





CBO could also be used for the oxidation of Acetaldehyde into CO2 by 
constructing hetero junction with WO3 and other environmental applications.
[110–
112]
 Though a few efforts tha have been made to employ such material in PEC 
research, photocurrent is still as low as 100-200 μA cm−a for the bare CBO 
photocathode without using catalysts probably owing to the poor crystal quality of 
the CBO films.
[108,113-114]
 To improve PEC performance, other efforts, including 
incorporating metals to the material,
[122]
 forming hetero junction with CuO,
[109]
 
using PEC promoting catalyst,
[123]
 have been made. The resulting efficiencies seem 
still far from the usage of industrial applications. To be noted, n-type CuBi2O4 has 
also been reported
[110]
and thus more details about understanding the band gap 
structures of CBO are still needed. 
 In this section, the CBO photocathodes were fabricated based on FTO and 
FTO/Au substrates, respectively. To be noted, the later showed an outstanding PEC 
performance as compared with the former. The subsequent characterizations 
revealed that the presence of Au layer could be beneficial for improving the crystal 
quality and electronic properties of the relevant material. After optimizing the 
structure of the photocathodes by depositing Pt nanoparticles on the surface, the 
photocurrent was a meliorated as high as −1.24 mA cm−I. Therefore, this section 
provides a promising candidate to the family of photocathodic materials. 
4.1 Experimental section 
4.1.1 Materials and Chemicals 
 Bi(NO3)3·5H2O (≥98.00%), Cu(NO3)2·3H2O (≥99.1%), soldiumsulfate 
(≥99.0%), nitric acid (≥98%), acetone (≥99.8%), ethanol (≥95%), FTO-coated 
glass (Product Number: 735213; L×W×D: 100mm×100mm×3mm; Surface 





Sigma-Aldrich. Insulating epoxy (EA 3450) was purchased from Loctite. Copper 
tape (AT528) was purchased from Advance Tapes. 
4.2.2 Preparation of the CBO films 
 First, FTO glass was cleaned with acetone, ethanol and DI water, respectively. 
Then, a thin layer of Au was deposited on the cleaned and dried FTO glass as the 
substrate via a physical vapour deposition (Kurt J. Lesker) procedure with the rate 
of 0.2 Å s
-1
. Subsequently, CBO thin films were cathodically electrodeposited from 
a bath solution of 8 mM Bi(NO3)3·5H2O and 4 mM Cu(NO3)2·3H2O in 10% nitric 
acid. Nitric acid was purposely used to dissolve bismuth nitrate precursor. The pH 
value of the bath was carefully adjusted to 12.0 by the addition of 3 M sodium 
hydroxide. Films were grown at a constant potential of −0.40 V vs Ag/AgCl in a 
normal three-electrode configuration for a nominal duration of 30 min. The 
temperature of the bath was controlled at 45 °C using a heating plate with an in situ 
temperature probe. After deposition, the samples were rinsed with DI water and 
dried in an air stream. A final annealing procedure at 550 °C for 120 min in air was 
performed to achieve better crystallinity. For comparison, we also prepared CBO 
thin films on FTO glass directly using the same procedure.  
4.2.3 Fabrication of CBO photocathodes 
 A strip of conductive copper tape was stuck on the exposed FTO part of the 
FTO/Au/CBO and FTO/CBO to extend the conducting circuit and threaded 
through a glass tube and then sealed with an insulating epoxy. Electrode areas were 
optically measured as 0.2 cm
2
. 
4.2.4 Deposition of Pt nanoparticles 
 Pt nanoparticles on CBO was performed on PicosunSunale R150 ALD reactor 







precursors used for Pt growth weretrimethyl (methyl cyclopentadienyl) 
platinum(IV) (Pt(MeCp)Me3) (Sigma Aldrich) and O2. The temperature of Pt 
precursor was held at 80°C. The substrate temperature was controlled at 220°C. 
And the typical ALD cycle consisted of Pt(MeCp)Me3 pulsing (1.0 s)-lowN2 filling 
(60 s)-N2purging (30 s)-O2 pulsing (1.0 s)-low N2filling(30 s)-N2purging (30 s). 
4.2.5 Photoelectrochemical measurements 
 External quantum yield was measured with an Oriel 150 W Xe arc lamp 
(Newport) and a quarter-turn single-grating monochromator (Newport). Sample 
measurements were recorded with chopped illumination. The output current signal 
was connected to a Merlin digital lock-in radiometry system and the output signal 
from the lock–in amplifier was fed into a computer controlled by TRACQ BASIC 
software. Current–potential plots and impedance characterization were measured 
by using the digital BioLogic potentiostat (SP-200) and 0.1 M sodium sulphate 
aqueous solution served as the electrolyte. A Pt counter electrode and Ag/AgCl 
reference electrode were used during the measurements. A standard 300 W Xe 
lamp (Newport) served as the light source and the light intensity was characterized 
to 100 mW cm
−E
 by a Si photodiode (Newport). The evolution of hydrogen gas 
during the water splitting reaction was measured by the gas chromatography-mass 
spectrometer (GC-2010 plus). 
4.2.6 Characterizations 
 The powder XRD was recorded on a Bruker D8 Advance equipped with 
graphite monochromatized high-intensity Cu Kα radiation (λ = 1.54178 Å). The 
morphologies were observed with a JEM-2100F transmission electron microscopy 
operated at an acceleration voltage of 100 kV. HRTEM image and the 





acceleration voltage of 200 kV. The EDX mapping was obtained on S4800 
HITACHI (Japan). Room–temperature UV-Vis absorption spectroscopy was 
measured by Varian Cary 5000 UV-Vis-NIR spectrophotometer. The UPS data 
were obtained on a modified Physical Electronics photoemission system (Kratos 
Axis UtraDld) which has been incorporated into a custom-built ultrahigh vacuum 
(UHV) with a base pressure of 3 X 10
-8
Torr. A SPECS UVS He I lamp at 21.22 eV 
was used as UPS source. In transient photoluminescence measurements, the 
specimens were optically excited by a 420 nm SHG (second harmonic generation) 
signal from a femtosecond Ti: sapphire laser system, with a repetition rate of 80 
MHz. The photoluminescence signal from the sample was collected by a NA=0.42 
lens and sent to a 0.75 m focal length spectrometer. Time-integrated 
photoluminescence was detected by a liquid-nitrogen cooled Si-CCD, while the 
photoluminescence lifetime was analyzed by an avalanche photodiode together 
with a time-correlated single-photon counting module. 
4.3 Results and discussion 
 The CBO thin films was synthesized via an electrochemical approach in 
combination with annealing treatment.
[108]
Figure 4.1a1 evidences SEM image of 
CBO film prepared on FTO glass directly. The film was constructed by a series of 
nanoparticles and the profile of these nanoparticles looks irregular and blurry. The 
TEM image of a representative particle detached from the FTO/CBO sample is 
given in Figure 4.1a2, where an irregular profile of the as-grown particle could be 
clearly observed. Figure 4.1a3 indicates HRTEM image of the particle. The crystal 






average distance between the adjacent lattice planes as 0.3 nm could still be 




Figure 4.1 Characterizations of CBO films. (a1, b1) top view SEM images, (a2, b2) TEM 
images and (a3, b3) HRTEM images of CBO films grown on FTO (a) and FTO/Au (b). 
(b4) SEM image of CBO films on FTO/Au, and corresponding EDX mapping image for 
(b5) Cu element, (b6) Bi element and (b7) O element. 
 For the films grown on FTO/Au as shown in Figure 4.1b, the composed 
nanoparticles surprisingly look neat and each particle presents a polyhedral feature, 
indicating an improved crystalline quality in comparison with the films grown on 
FTO glass. Such polyhedral morphology could be superior over other 
morphologies in catalytic effect, like the case in Cu2O.
[108]
 To support such 
noticeable observation, the polyhedral particles were particularly characterized by 
TEM, as shown in Figure 4.1b2. The profile of these particles is in agreement with 






crystalline quality for the CBO on FTO/Au than that on FTO only, indicating the 
superiority of electrochemically growing CBO film on FTO/Au substrates. For 
further confirming the chemical composition of the prepared film CBO on 
FTO/Au, EDX mapping obtained from a representative particle (shown in Figure 
4.1b4) was particularly measured and the relevant images are shown in Figure 
4.1b(5-7), from which signals from Cu, O and Bi were obtained. Appendix Figure 
11.1a presents EDX mapping of CBO on FTO. To investigate the influence of Au 
on the formation of CBO, EDX measurements on the particles detached from 
FTO/Au/CBO and FTO/CBO were performed, respectively. The relevant spectra 
are given in Appendix Figure 11.1b and 1c. In comparison with the spectrum from 
FTO/CBO, the spectrum of the particles from FTO/Au/CBO does not show the 
indication in containing Au in the crystals. This implies that Au could not enter the 
crystal lattices of CBO as the doping element. The reason of the improved crystal 
quality could probably be the Au thin film that can supply a uniform distributed 







Figure 4.2 (a) XRD patterns of the two samples. (b) UV-Vis absorption spectra obtained 
from the CBO films and substrates (Inset Ⅰ: plot of (αh)1/2 vs hv for estimating the band 
gap value of the film. Inset Ⅱ: spatial distribution of the electric field intensity across the 
FTO/Au illuminated by the photons at 800 nm. (c) UPS cut off spectra of CBO films. Left 
panel is the work function and right panel is the valence band region, respectively. (d) 
Schematic energy diagram of CBO deduced by the UPS data in c. A favorable energy 
level makes CBO as an ideal material for water splitting. 
 Figure 4.2 (a) presents the XRD patterns of these two films, where a series of 
diffraction peaks attributed to Kusachiite CBO phase could be clearly observed 





diffraction peak belongs to the (211) facet. To describe it more visually, we present 
the crystal structure of CBO, as shown in the inset. The black curve in Figure 4.2 
(b) indicates the absorbance spectrum of the prepared CBO on FTO substrate, 
which presents a broad absorption range with a threshold from 760 nm and 
indicates a good capability in the absorption of solar energy. To attain the optical 
band gap value, we plotted the curve for (ah)1/2 vs h as shown in the inset I. 
Such Tauc plot indicates a band gap value of 1.60 eV, close to the reported 
values.
[28]
 This value enables the relevant material as a promising candidate in 
water splitting applications. For comparison, we present the absorbance spectrum 
of FTO/Au/CBO, as shown by the red curve in Figure 4.2 (b). Beyond the 
absorption range of CBO, FTO/Au/CuBi2O4 exhibits a distinct absorption 
capability as compared with the sample based on FTO/CBO. This could be 
originated from presence of Au films. As shown by the blue curve, FTO/Au 
possesses a clear absorption in the range of 500-1200 nm by comparing with the 
spectrum from FTO (the pink curve). In addition, the intensity of the blue curve 
quantitatively matches the intensity difference of the red curve and black curve, 
indicating that the presence of Au thin films also contributes to the absorption of 
FTO/Au/CBO. The well-known SPR effect of Au is responsible for such 
absorption and the large localized electric field at the surface of Au, which was 
simulated by FDTD Solutions and shown as the inset Ⅱ, could also promote the 
light absorption via band gap transitions and near band gap transitions of CBO via 
PRET, scattering and anti-reflection effects.
[120]
 The corresponding simulated 
absorbance of FTO/Au is shown in Appendix Figure 11.2 which is in good 
agreement with the measured spectrum. In Appendix Figure 11.3 presents the 





series of vibrational peaks that match the standard CBO peaks from the reported 
reference.
[121]
 FTO/Au/CBO has a higher intensity than FTO/CBO, attributing to 
the SPR effect of Au. 
 To acquire more information of the band gap structure of the grown CBO films, 
UPS measurement was performed to determine the energy levels of the relevant 
material. Figure 4.2 (c) presents the standard UPS data for the CBO films. The 
work function that is defined as the difference of the vacuum energy level and 
Fermi level could be derived from the low kinetic energy cut-offs in the secondary 
emission features. Given that the Fermi level at the surface of CBO is considered 
independently, the work function is measured as 21.22 − 16.65 = 4.38 eV with 
21.22 eV being the photon energy of UV source (He I discharge). The valence 
band position with respect to the position of Fermi level was determined by the 
linear portion of the low binding energy side of the proper valence band peak to the 
energy axis (EV – EF = 0.74 eV) and the according value vs the vacuum energy 
level is attained as 4.38 + 0.74 = 5.12 eV. In addition to the band gap values 
obtained from the Tauc plot, the exact band gap structure of the grown CBO films 
could be depicted, as shown in Figure 4.2 (d). By referring the standard reduction 
and oxidation potentials of water, these potentials are just in between the valence 
band position and conduction band position of CBO, thereby making it as an ideal 
material for water splitting. In addition, the short distance of Fermi level to the 
valence band position indicates a p-type feature of the as-grown CBO. The inset in 
Figure 4.2 (c) presents a standard Mott-Schottky plot of the PEC electrode based 
on FTO/CBO. The linear profile and the negative slope yield a typical p-type 
feature of the prepared material, in consistence with the UPS analysis. The band 





could be attributed to the defects in the material.
[122]
 The energy level positions are 
determined in a vacuum condition with surface defects removed by ion milling 
procedures. This causes the difference from the band gap positons measured by the 
electrochemical technique.  
 Figure 4.3 (a) exhibits representative current density-potential curves from 
standard photoelectrochemical measurements, performed in a 0.1 M NaSO4 
aqueous solution (pH = 6.8) with CBO photocathode as the working electrode, Pt 
plate as the counter electrode and Ag/AgCl as the reference electrode. To make the 
curve fit for the water splitting analysis, the reference potential from Ag/AgCl to 
the reversible hydrogen electrode (RHE) were converted by the following Nernst 
equation： 
ERHE = EAg/AgCl + E°Ag/AgCl + 0.059 V  pH      (4.1) 
Where ERHE is the converted potential versus RHE, EAg/AgCl is the external potential 
measured against the Ag/AgCl reference electrode, and E°Ag/AgCl is the standard 
potential of Ag/AgCl at 25°C (0.1976 V). 
 
Figure 4.3 Photoelectrochemical performance of CBO films photocathodes. (a) Current 
density–potential characteristics in 0.1 MNa2SO4 solution, under chopped AM1.5 light 





Wavelength-dependent external quantum yield spectra of two samples, the spectra were 
measured in a two-electrode configuration without any external bias. 
 For the photocathode based on FTO substrates, photocurrent was attained more 
than −0.2 mA cm−2, which is almost the highest value for the pure CBO 
photoelectrode.
[108-109,115,119]
 The photocathode on the basis of FTO/Au substrates 
presents an even higher photocurrent than the PEC electrode based on FTO glass. 
The photocurrent for FTO/Au/CBO is realized as high as −0.5 mA cm−2, being 
more than two folds higher than that from the electrode without Au films. In 
addition, both curves have an open circuit potential close to 1 V vs RHE which 
could make the water reducing reactions occur without external bias.
[93]
 Figure 4.3 
(b) shows the EQY spectra of the two relevant photocathodes. Both of the spectra 
have an EQY onset from 600 nm and the profiles of these spectra match the 
profiles of the according absorbance spectra, indicating that the photocurrent is 
from the charges generated in CBO. In consistence with analysis on J−V curves, 
the photocathode based on FTO/Au possesses a higher EQY value than the 
electrode based on FTO. These data points out that the CBO films prepared on 
FTO/Au is superior over the films grown on FTO. To investigate it more deeply, a 






Figure 4.4 (a) Time-resolved photoluminescence decay curves (excitation: 450 nm) and 
(b) Nyquist plots of CBO photocathodes with/without Au thin layer. 
 Transient photoluminescence decays for the two sets of photocathodes were 
measured by the excitation at 450 nm. As shown in Figure 4.4 (a), the PEC 
electrode made by FTO/Au/CBO presents a faster PL decay by comparing with the 
sample based on FTO/CBO. Using the customarily single exponential model, 
transient PL lifetimes of the relevant CBO films are acquired as 0.54 ns and 0.68 
ns, respectively. The promoted PL decay for the CBO electrode on FTO/Au 
suggests an efficient separation for photo-generated charges, which is helpful for 
the water splitting applications. The physical reason could be attributed to the 
better crystal quality of the CBO on FTO/Au, for which the low density of defects 
would provide an efficient route for charge dissociation.  
 Nyquist plots measured in the frequency range of 10
5 
Hz - 1 Hz at the bias of 0.2 
vs RHE for the two sets of PEC electrodes are shown in Figure 4.4 (b). Given that 
the semicircle in a Nyquist plot at high frequencies is characteristic of the charge 
transfer process and the diameter of the semicircle is estimated to be equal to the 
charge transfer resistance,
[106,123]
 the charge transfer resistance of the system is 





resistance, which should result from the high conductivity of Au film and the high 
crystal quality of CBO on FTO/Au, indicates a higher utilizing efficiency of photo-
generated charges in the system of FTO/Au/CBO. 
 
Figure 4.5 (a) Current density–potential curve of FTO/Au/CBO device with Pt 
nanoparticles under chopped AM1.5 light illumination, the inset shows TEM of Pt 
nanoparticles on the surface of CBO. (b)Curves of the time-dependent photocurrent 
measured for the FTO/CBO and FTO/Au/CBO photoelectrode without/with Pt 
nanoparticles at 0.4 V vs RHE under AM1.5G light illumination. 
 To promote the PEC performance of the FTO/Au/CBO device, Pt nanoparticles 
were deposited on the film surface as the catalyst via an atomic layer deposition 
procedure. The inset of Figure 4.5a shows the TEM image of the prepared catalyst 
on CBO, where the size of the particles could be gauged as 5.3 nm. The J-V curve 
of the advanced photocathode is provided in Figure 4.5 (a). By comparing with the 
bare electrodes, the one equipped with Pt catalyst has a positive shifted open circuit 
potential with a value close to 1.1 V vs RHE. The plateau photocurrent is amplified 
to −1.2 mA cm−2 by modifying the FTO/Au/CBO surface with Pt nanoparticles, 





without Pt nanoparticles (see Figure  Appendix 11.4), thus showing a great 
potential of applying CBO in water reduction. The evolution of hydrogen gas 
during the water splitting reaction was measured by gas chromatography-mass 
spectrometer (GC-2010 plus) and the result is shown in Figure Appendix 11.5. The 
Faradic efficiency was calculated as 84.49% for the water splitting reactor during 
80 min. 
 Though it is well reported that Cu2O has long been considered as an ideal p-type 
material for water reduction, such material is prone to corrosion when soaked in 
the aqueous solution for PEC measurements.
[100] 
To investigate the stability of the 
CBO PEC system, the photocurrent at fixed potential was measured and the 
transient curves are shown in Figure 4.5 (b). At the initial stage after the 
illumination is on, the photocurrents show a fast decaying feature, which is normal 
for the PEC system. After 50 s, however, these photocurrents for the three sets of 
electrodes, FTO/CBO, FTO/Au/CBO and FTO/Au/CBO/Pt, are quite stable even 
the measuring time is prolonged over 3000 s. Furthermore, the FTO/CBO before 
and after PEC measurement was investigated by SEM (see Appendix Figure 11.6), 
which shows that the structure of materials has no changed after PEC. These 
results suggest that as-grown CBO possesses a good property in PEC stability, 
making it advantageous in comparison with Cu2O.
[100] 
Osterloh has reported a 
valuable experiment by dissolving the prepared p-type CBO nanoparticles into the 
KI contained solution and investigating hydrogen evolution.
[122]
 A H2 generation 
rate of 16 µmol h
-1
 was realized, though the system showed rate deterioration after 
working for 6 h. In our system, due to the using of neutral solution without any 





systematic work on the stability of CBO towards pH values and redox couples of 
the electrolyte is still needed in future. 
  
Figure 4.6 Schematic energy alignment illustrating the paths of charge carrier in 
Au/CBO/Pt/electrolyte under solar light irradiation. 
 It should be mentioned that the contact of Au with CBO plays a key role in our 
advantageous PEC performance. The work function of Au is 5.2 eV vs vacuum and 
the Fermi level of CBO is measured as 4.38 eV vs vacuum. The photocathode is 
represented by difference of quasi-Fermi level of electron (EF,n) in Figure 4.6 and 
hole (EF,p), yielding the achievable free energy of the system near maximum power 
point and state must exist at proper energy in electrolyte for injection of carrier; the 
redox potential related to the CBO band so that the donor level exist in electrolyte 
at an energy equal to or above the valance band edge and hole quasi-Fermi level. 
Which is, these results in a downward band bending (from Au to CBO) that is 
preferential for the collection of photo-excited holes by FTO/Au and promoting the 
transfer of electrons to the interface with electrolyte to drive PEC reactions. Thus, 
an accelerated PL decay rate and a reduction of the resistance of the system have 











for hydrogen generation by providing a large amount of site for absorbing the 
reactants and reducing the PEC reaction potentials. The energy alignment is given 




























Chapter 5. Facile Surface Treatment on Cu2O Photocathodes for Enhancing 
the Photoelectrochemical Response 
5.1 Introduction 
Harvesting solar energy and storing it in chemical bonds, particularly in the simplest 
chemical bond like H2, could be a highly feasible approach to solve world-wide energy 
challenge. While p-type Cu2O has long been considered as an attractive candidate for 
water splitting due to the favourable band gap position and high abundance of 
elements,
[99,124–125] 
concomitant surface defects like reconstructions, uncoordinated atoms 
and even the CuO or Cu phases generated in the synthesizing or measuring procedures, 
adversely impact the device efficiency and stability.
[126,127]
 Specifically, the presence of 
Cu(II) or Cu(0) sites on the surface severely deteriorates the device performance and it is 
highly required to prepare Cu2O photocathode with high crystal quality to avoid the 
formation of such surface impurities.
[128,129]
 An advantageous approach for 
electrodepositing Cu2O is depositing the material on FTO/Au substrates rather than on 
FTO or FTO/Cu substrates. The existence of Au thin film helps to improve the crystal 
quality and performance reproducibility for the grown Cu2O film.
[124,130]
 Even in this 
case, the electronic properties of the resulting material could not be optimized for the 
PEC performance.  
While the utilization of thin oxide layers can protect Cu2O from corrosion during 
measurements,
[124,127]
 it is still difficult to change electronic properties of Cu2O only by 
using post-solid-state treatment. Herein, we report an effective surface treatment method 
for attaining a high PEC performance on Cu2O based photocathodes. Surface treatment 
was conducted by soaking the as-grown films in a TSC aqueous solution and the 





films was impressively enhanced along with an enlarged band bending at the interface of 
Cu2O/electrolyte. Accordingly, the photocurrent of the corresponding PEC electrodes 
with the subsequent protection layer (TiO2/Pt) was ameliorated around two times. Aspects 
relevant to the charge transfer dynamics were particularly investigated by transient 
photoluminescence spectroscopy.  
5.2. Experimental  
5.2.1. Preparation of the Cu2O films 
First, FTO glass was cleaned with acetone, ethanol and DI water, respectively. Then, a 
thin layer of Au (25 nm) was deposited on the cleaned and dried FTO glass as the 
substrate via a physical vapour deposition procedure. Subsequently, Cu2O thin films were 
cathodically electrodeposited from a 0.4 M copper sulphate bath containing 3 M lactic 
acid. The pH value of the bath was carefully adjusted to 12.0 by the addition of 3 M 
sodium hydroxide. Films were grown at a constant potential of −0.40 V vs Ag/AgCl in a 
normal three-electrode configuration for a nominal duration of 30 min. The temperature 
of the bath was controlled at 45°C using a heating plate with an in situ temperature probe. 
For comparison, we also prepared Cu2O thin films on FTO glass directly using the same 
procedure. Finally, the prepared Cu2O films were purposely soaked in an aqueous 
solution containing 1 M TSC for 30 min and dried by N2. 
5.2.2. Deposition of TiO2 and Pt nanoparticles 
The samples were put in an atomic layer deposition (PicosunSunale R150) chamber 
for depositing the protection layer of TiO2 and Pt catalyst. Titanium dioxide was 
deposited using titanium (IV) chloride (TiCl4), and distilled-water (H2O) as the Ti and O 
precursors, respectively. The TiO2 deposition was then carried out at 200 °C and one 





TiO2 is about 0.6 nm per cycle. Deposition of Pt nanoparticles was performed on the 
reactor with low-nitrogen-filling ALD process as we previously reported.[9] The 
precursors used for Pt growth were trimethyl (methyl cyclopentadienyl) platinum (IV) 
(Pt(MeCp)Me3) and O2. The temperature of Pt precursor was held at 80 °C. The substrate 
temperature was controlled at 220 °C. And the typical ALD cycle consisted of 
Pt(MeCp)Me3 pulsing (1.0 s)-low N2 filling (60 s)-N2 purging (30 s)-O2 pulsing (1.0 s)-
low N2 filling (30 s)-N2 purging (30 s). 
5.2.3. Fabrication of Cu2O photocathodes 
A strip of conductive copper tape was stuck on the exposed FTO part of the specimens 
to extend the conducting circuit and threaded through a glass tube and then sealed with an 
insulating epoxy. Electrode areas were optically measured as 0.2 cm
2
. 
5.2.4. Photoelectrochemical measurements 
EQY was measured with an Oriel 150 W Xe arc lamp (Newport) and a quarter-turn 
single-grating monochromator (Newport). Sample measurements were recorded with 
chopped illumination. The output current signal was connected to a Merlin digital lock-in 
radiometry system and the output signal from the lock-in amplifier was fed into a 
computer controlled by TRACQ BASIC software. Current-potential plots and impedance 
characterization were measured using the digital BioLogicpotentiostat (SP-200) and 0.1 
M sodium sulphate aqueous solution served as the electrolyte. A Pt counter electrode and 
Ag/AgCl reference electrode were used during the measurements. A standard 300 W Xe 
lamp (Newport) served as the light source and the light intensity was characterized to 100 
mW cm
−2






XRD pattern was recorded on Bruker D8 Advance equipped with graphite 
monochromatized high-intensity Cu Kα radiation (λ = 1.54178 Å). The SEM images were 
obtained by S4800 HITACHI (Japan) scanning electron microscope. Room-temperature 
UV-Vis absorption spectroscopy was measured using Varian Cary 5000 UV-Vis-NIR 
spectrophotometer. XPS experiments were carried out on an Axis Ultra DLD system 
(Shimadzu) using Al Kα radiation (hv=1486.6 eV). The whole spectra (0-1200 eV) and 
the narrow spectra of all the elements with high resolution were both recorded by using 
the RBD 147 interface (RBD Enterprises, USA) through the Auger Scan 3.21 software. 
Binding energies were calibrated by using the containment carbon (C1s=284.6 eV). FTIR 
spectra were recorded at room temperature using FTS-60V FTIR spectrophotometer. In 
transient photoluminescence measurements, the specimens were optically excited by a 
420 nm SHG (second harmonic generation) signal from a femtosecond Ti: sapphire laser 
system, with a repetition rate of 80 MHz. The photoluminescence signal from the sample 
was collected by a NA=0.42 lens and sent to a 0.75 m focal length spectrometer. Time-
integrated photoluminescence was detected by a liquid-nitrogen cooled Si-CCD, while 
the photoluminescence lifetime was analysed by an avalanche photodiode together with a 
time-correlated single-photon counting module. 
5.3. Results and discussion 
The electrodeposition for Cu2O was performed in a copper sulphate bath containing 3 
M lactic acid. The bath pH value was carefully adjusted to 12.0 by precisely controlled 
addition of 3 M NaOH. Herein, the use of pH buffer was intentionally avoided to 
preclude interferences from the buffer components with the interfacial behaviour. The 
deposition potential was set as −0.40 V vs Ag/AgCl according to the cyclic voltammetry 









vs Ag/AgCl could be clearly observed. Figure 5.1a portrays the representative SEM 
images of the prepared films on FTO/Au substrates. The films are constructed by 
continuously distributing polyhedral particles. The size of these particles is gauged as 1−3 
µm. For the films grown on FTO glass, however, the size of the composed particles 
becomes bigger and the configuration turns out to be cuboid, as demonstrated in Figure 
5.1b. Though it is well reported that the morphology of Cu2O nanoparticles can be 
determined by the pH values, surface ligands and profiles of the growing seeds,
[142,143]
 
these data point out that the morphology could also be influenced by the choice of 
depositing substrates, which contributes another factor to manipulate the morphology of 
the Cu2O nanoparticles. The XRD pattern of the Cu2O films is given in Figure 5.1c, 










 can be doubtlessly 
ascribed to the diffraction of (110), (111), (200), (220) and (311) planes of Cu2O (JCPDS 
card No. 05-0667).
[126] 
The crystalline structure is depicted as the inset of Figure 5.1c. 
Diffraction peaks of CuO and Cu are not discernible, implying a pure Cu2O structure in 
the films. In addition, being consistent with the reported values,
[134–136]
 the band gap of 
the synthesized Cu2O is characterized as 2.09 eV by the absorption analyses shown in 
Figure 5.1d and inset I. Such suitable value qualifies the resultant as a good material in 
solar energy conversion. The absorption spectrum of Au thin film that exhibits a slight 
absorption capability in the range of 400-800 nm is also presented. To investigate the 
absorption capability of the photocathodes furthermore, finite difference time domain 
(FDTD) simulation was performed for the structure, FTO/Au/Cu2O. Inset II in Figure 
5.1d shows the relevant spatial distribution of the electric field intensity across the 
structure illuminated by the photons at 500 nm and the polyhedral feature of the particles 
in the film strengthens the absorption efficiency by the scattering effect. Appendix  Figure  





on FTO/Au. As we tune the thickness from 500 nm to 2000 nm, the absorption 
efficiencies show a close value below 500 nm, due to the high absorption coefficient of 
Cu2O. In the longer wavelength region, the thickness begins to impact the absorption by 
increasing the intensity and the interference effect attributing to the surface nanostructure 
could also be influential.  
 
Figure 5.1 a,b) SEM images of the prepared Cu2O films on FTO/Au and FTO substrates, 
the insets show the cross-sectional SEM images. c) XRD pattern of the Cu2O films on 
FTO/Au substrates. The inset presents the crystal structure of the material. d) Absorption 
spectroscopic measurements of the samples. Inset I: plot of (αhv)2 vs hv for estimating the 
band gap value of the film. Inset II: spatial distribution of the electric field intensity 





Though XRD pattern of the prepared Cu2O films presents a pure Cu2O phase, it is still 
hard to exclude the existence of Cu (II) and Cu (0) impurities on the surface. To 
characterize it more convincingly, XPS was specifically studied. As shown in Figure 5.2a, 
the Cu 2p peaks are resolved and the main peaks at 932.5 and 952.6 eV correspond to the 




 In the Cu 2p spectrum, 
Cu
2+
 is identified by the emergence of a main signal at 933.6 eV along with a series of 
shakeup satellites between 932.5 and 952.6 eV.
[138] 
For the sample without any surface 
treatments, the satellite peaks are quite prominent and only slightly lower than the Cu 
2p1/2 peak, being indicative of the presence of Cu
2+
 on the surface. These shakeup satellite 
peaks are characteristic of Cu
2+
 that has a partially filled Cu 3d
9
 shell configuration in the 
ground state,
[126,139] 
which usually deteriorates p-type feature of Cu2O. 
To fix the Cu
2+
 related impurities on the prepared Cu2O films and to stabilize the 
photocathodes, a post-solid-state surface treatment was carried out by soaking the Cu2O 
films in a 1 M TSC aqueous solution for 30 minute. TSC that is well known as the 
chelating agent in the synthesis of Cu2O nanoparticles could help to avoid the formation 




In addition, the reducing 
capability of TSC could also probably influence the Cu 3d
9
 shell configuration by making 
it more filled. As displayed in Figure 5.2a, after surface treatment, the two main peaks 
become much more outstanding as compared with the peaks from the same films without 
surface treatment. To be highlighted, the satellite peaks turn out to be ignorable, 
indicative of the feasibility for this peculiar treatment. The absence of sharp satellite 
features for Cu2O is rationalized on the basis of a full Cu 3d
10
 shell that inhibits screening 
via charge transfer involving d states.
[126] 
Figure 5.2b exhibits the O 1s spectra of the 
sample before and after the surface treating procedure. The main peak signal at 530.5 eV 
is a clear oxygen signature associated with Cu2O
[126]





beneficial for eliminating the impurity peaks around O 1s main peak, yielding an efficient 
platform for charge transfer. Regarding the C 1s spectra given in Figure 5.2c, the peaks 
for C=C-C and O=C-O
 [141]
 are both amplified by soaking the Cu2O films in the solution, 
demonstrative of that the TSC molecules are linked on the Cu2O surface and could protect 
the films from deterioration in the subsequent measuring procedures. To describe this 
statement straightforwardly, we present the schematic for the TSC modified Cu2O 
surface, as shown in Figure 5.2d.  The FTIR spectra further verify the adsorption of TSC 
on the surface of Cu2O, as shown in Appendix Figure 11. 9. Compared to the naked 
FTO/Au/Cu2O sample, FTIR spectrum of the FTO/Au/Cu2O/TSC exhibits the 










Figure 5.2 a-c) XPS spectra of the as-prepared Cu2O thin films with different surface 
conditions. The spectra display the resolved peaks of Cu 2p, O 1s and C 1s, respectively. 





Electronically, such surface modification could also positively impact the doping 
levels of the Cu2O films and band bending of the photocathodes when contacting with the 
electrolyte. Electrochemical impedance investigations were performed by soaking the 
FTO/Au/Cu2O electrode in a 0.1 M Na2SO4 aqueous solution as the working electrode. A 
Pt counter electrode and Ag/AgCl reference electrode were used during the 
measurements. Figure 5.3a shows Mott-Schottky plots at a fixed frequency of 1 kHz for 
the electrodes with different surface conditions, where a typical p-type feature could be 
obviously observed. Note worthily, these plots yield apparent flat band potentials of 0.20 
V and 0.15 V vs Ag/AgCl for the same photocathode before and after experiencing the 
surface treatment, respectively. The treatment shifts the flat band potentials negatively 
and thus results in a strengthened band bending at Cu2O/electrolyte interface that is 
profitable for transferring the photo-generated electrons to the surface. Using slopes of 









respectively (the details of the relative calculation can be found in experiment section).  
The surface treatment enhances the doping levels and thus the resistance of the system 
can be accordingly reduced. As exhibited in the inset of Figure 5.3a, the Nyquist plots 
covering the frequency of 10
5
 Hz - 1 Hz at the bias of −0.6 V vs Ag/AgCl demonstrate 
that charge transfer resistance of the system is prominently decreased by the usage of 
TSC, given that the semicircle in a Nyquist plot at high frequencies is characteristic of the 
charge transfer process and the diameter of the semicircle is estimated to be equal to the 
charge transfer resistance.
[105,122] 
This series of electrochemical measurements illustrate 
that modification of Cu2O with TSC is able to positively impact the electronic properties 
of Cu2O by increasing the doping density and enlarging the band bending at the interface 
with electrolyte. These are beneficial for promoting the separation and transfer of the 






Figure 5.3 a) Mott-Schottky plots with Nyquist plots as the inset. b) Time-resolved 
photoluminescence decay curves (excitation: 420 nm), the inset shows the steady state 
photoluminescence spectra (excitation: 420 nm). 
Moreover, ascribing to the reduction of Cu (II) impurities, the transfer of photo-
generated charges could be facilitated, since impurities have a negative effect on charge 
transfer and transport. Figure 5.3b shows two representative time-resolved 
photoluminescence decays after pulsed excitation at λ = 420 nm. Obviously, both of the 
curves present a rapid decay feature in nanosecond scale, which is in agreement with the 
reports.
[145,146] 
To be noteworthy, the samples that experienced surface treatment yield a 
faster decay time as compared with the intrinsic samples, indicating an accelerated charge 
transfer mechanism induced by the modification of TSC. Using the conventional single 
exponential model to fit the curves, lifetimes of 0.59 ns and 0.48 ns for the same sample 
before and after surface treatment were acquired. Table 11.1 in Appendix provides all the 
fitting parameters. The accelerated charge transfer is bound to enhance the possibility for 
photo-generated charges contributing to the photocurrent, instead of making them 
recombine. The steady state photoluminescence spectra are shown in the inset of Figure 
5.3b. The peak located at around 570 nm is associated with the near band emission.
[147,148] 





markedly reduced to its 30% after the surface treatment, which illustrates that the 
radiative recombination of the photo-generated charges is efficaciously inhibited. The 
normalized PL spectra are given in Appendix Figure 11.10, which shows that these two 
peaks have a close broadness. The result indicates that the treatment with TSC could only 
quench the PL intensity and the intrinsic optical property is nearly influential.  
The above analyses point out a great potential to apply this surface treatment for 
improving the PEC response of Cu2O based photocathodes. First, by following the 
conventional photocathode structure for Cu2O, we fabricated the 
FTO/Au/Cu2O/TSC/TiO2/Pt electrodes. The according SEM image and XRD pattern for 
FTO/Au/Cu2O/TSC/TiO2 are given in Appendix Figure 11.11 and these data evidence the 
presence of compact TiO2 layer on Cu2O, which can protect the layer from 
electrochemical deterioration. The Pt layer behaves as the catalyst for hydrogen 
generation. The current density-potential (J-V) characteristics of these electrodes under 
100 mW cm
−2
 of solar simulated light are shown in Figure 5.4a. All these J-V curves 
exhibit a cathodic photocurrent and indicate a distinct p-type feature of the prepared Cu2O 
films, being consistent with the Mott-Schottky measurements. 
FTO/Au/Cu2O/TSC/TiO2/Pt electrode delivers an increase of around two times in 
photocurrent by comparing with the electrode without surface treatment. The 
photocurrent is realized as high as 3.8 mA cm
-2
 at −0.6 V vs Ag/AgCl. The EQY (%) 
spectra shown as the inset of Figure 5.4a present the same tendency with that in the J-V 
analysis. The profiles of these spectra are in agreement with the absorption spectrum of 
the materials, supporting that the photocurrent is from the charges generated in Cu2O. 
Curves of photocurrent vs time curve under interval on-off light irradiation of the 





Figure 11.12. The data demonstrate a fast photoelectrochemical response of the 
electrodes. 
 
Figure 5.4 a) and b) Current density-potential curves of the Cu2O based photocathodes 
with different surface conditions. Inset of (a): EQY spectra of the FTO/Au/Cu2O/TiO2/Pt 
photoelectrode with and without TSC; Inset of (b): Curves of the time-dependent 
photocurrent measured for the FTO/Au/Cu2O photoelectrode without/with TSC under 
AM1.5G (100 mW cm
2
) illumination. 
Meanwhile, we also checked the PEC performance of the electrodes without the 
passivation layer of TiO2 and the relevant results are given in Figure 5.4b. As we expect, 
the photocurrent of bare FTO/Au/Cu2O electrodes could also be enhanced dramatically 
by the surface treatment. The according photocurrent is obtained as 4.2 mA cm
-2
 at -0.6 V 
vs Ag/AgCl, being even better than that from the FTO/Au/Cu2O/TSC/TiO2/Pt electrode. 
To check the stability of the photocathodes, we measured the photocurrent at a fixed 
potential and the transient curves are shown in the inset. Though these curves present a 
decay feature at the initial period after light illumination, the photocurrents are quite 
stable after 30 s and can be maintained more than one hour. To be noted, photocurrent of 
the FTO/Au/Cu2O photoelectrode treated by TSC is always higher than that from the 







































































































corresponding bare sample. Such observation confirms that the benefit of TSC to improve 
the PEC performance of Cu2O is sustainable and the presence of the molecule on the 
surface could also be possible to improve the device stability. For checking the stability 
of the Cu2O surface after TSC modification even after PEC measurement, atomic force 
microscopic (AFM) measurement was performed. As shown in Appendix Figure 11.13, 
we cannot observe obvious changes of morphology. This indicates that increase of 
photocurrent is not from the change in surface area and the surface is stable even after 
PEC measurement. Raman spectra in Appendix Figure 11.14 can further prove this 
conclusion. To check the feasibility of such surface treatment to other Cu2O involved 
systems, we also fabricated Cu2O electrodes on FTO directly without the Au thin layer. 
As shown in Appendix Figure 11.15, the corresponding J-V curves and EQY spectra 
exhibit the same trend as that in FTO/Au/Cu2O electrodes, though the performance is 
lower. As reported by Zhang et al.,
[149] 
the multi-facet Cu2O nanoparticles have a superior 
photocatalytic property over the cubic counterparts and our observations support their 
points.  
Collectively, we could reach a conclusion for the benefits of Au layer to the 
improvement of PEC performance. First, the highly conductive nature has two 
contributions. First is that it is good for the realization of the highly crystalline Cu2O film 
with photocatalytic active polyhedral morphology, which is favorable for collecting the 
photo-generated electrons efficiently. Second, the surface plasmon effect of the Au layer 
contributes to the absorption of solar energy and the resulting excited energy could 
promote the PEC reactions by hot charge or energy transfer to Cu2O and then to the 
electrolyte. Third, the scattering effect of Au layer is beneficial for enhancing the solar 





 These data indicate that this peculiar surface modification procedure is able to 
fix the impurities on Cu2O surface and thereby strengthen the p-type feature of the 
corresponding Cu2O film. Accordingly, the PEC performance is dramatically 
improved via this convenient and cost-less treatment. Regarding that there is a 
large variety of molecules with multiple functions, our methodology provides a 
feasible means to optimize the solar energy conversion efficiency of the Cu2O 
involved devices from the aspects of ameliorating the surface quality of Cu2O, 
protecting the films from deterioration, extending the photon absorption range 
beyond the absorption threshold of Cu2O, and even promoting the PEC energy 






















Chapter 6. Switchable Charge Transfer In The Photoelectrochemical Energy 
Conversion Process Of Ferroelectric BiFeO3 Photoelectrodes 
6.1 Introduction  
As the only active materials in the photovoltaic and photoelectrochemical cells for 
solar-energy conversion,  conventional semiconductors have been studied thoroughly for 
the past several decades.
[105,152–155]
 The aim of technologies in semiconductor device 
fabrication is to attain energy-conversion efficiency close to the theoretical values based 
on the band gap analysis of the semiconductors.
[156,157] 
The current approach for energy-
conversion devices with traditional semiconductors, however, has two limits: 1) the 
photovoltage of the devices is limited by the band gap of the semiconductors employed; 
2) the charge-transfer direction is confined and fixed by the junctions of the 
semiconductor/semiconductor, semiconductor/metal or semiconductor/electrolyte.  
An alternative approach to overcome the limits of the common semiconductors is to 
fabricate solar-energy conversion devices with ferroelectric materials. Ferroelectric 
materials, typically BiFeO3 (BFO)
[159–163]
 and Pb(Zr,Ti)O3 (PZT),
[164–165] 
have a large, 
stable and tunable remnant ferroelectric polarization which produces a depolarization 
(internal) electric field extending over the whole film volume, giving the resulting devices 
high efficiency in separating photo-generated charges and switching charge-transfer 
directions. Therefore, Walsh et. al.
[167] 
claimed that the excellent performance of 
Perovskite solar cells based on CH3NH3PbI3 originated from the presence of ferroelectric 
domains in the Perovskite structure. Ferroelectric materials also exhibit unique abnormal 
photovoltaic effects. By controlling the conductivity of the ferroelectric domain walls, the 
detected open-circuit potential (Voc) for a standard ferroelectric material, BFO, has been 
as high as 50 V
[162]





indicative of that a huge Voc from ferroelectric materials is achievable even without 
considering the band-gap limit. In addition, the orientation and intensities of the internal 
field could be manipulated by external applied voltages and the ferroelectric materials can 
theoretically maintain the remnant polarization permanently in an inert condition,
[168–171]
 
implying that a single ferroelectric photoelectrode could be treated as both a photocathode 
and a photoanode depending on the orientations of the internal field.  Consequently, it is 
highly realizable that a ferroelectric photoelectrode with an appropriate band gap can 
serve to drive both water reduction and oxidation reactions just by tuning the remnant 
polarization directions, which is extremely important in photoelectrochemistry. 
Moreover, by getting rid of the top Schottky barrier at the contact between the 
ferroelectric material and metal that generally exists in the ferroelectric photovoltaic 
devices,
[160, 164] 
the ferroelectric photoelectrochemical electrodes have a better capability 
in extracting the photo-excited charges and are compatible with other promising photo-
active materials, unlike the solid-state counterpart.   
To date most of the efforts on the application of ferroelectric materials to solar-
energy conversion are confined to solid-state solar cells and few reports concern the 
photoelectrochemical performance of the ferroelectric materials.
[166, 172,173]
 A systematic 
study of this area is thus indispensable to promote the evolution of photoelectrochemical 
energy conversion/storage. Instead of using PZT (band gap: 3.5 eV
[164, 165]
) as the 
photoelectrode, herein, we choose another typical ferroelectric material, BFO (band gap: 
2.2 eV
[163, 174]
). The lower band gap of BFO makes it possible to form a good band-gap 
alignment with surface modifiers that could inject excited charges to the BFO 
photoelectrodes. Surprisingly, we found that the charge transfer from the bare BFO to the 
electrolyte and from the surface modifiers to BFO could be manipulated by the poling 





dots, was investigated and provides strong support that ferroelectric photoelectrodes are 
the right candidates for the next generation photoelectrochemical electrodes.  
6.2 Experimental section 
Materials and Chemicals: Bi(NO3)3·5H2O (≥ 98.0%), Fe(NO3)3·9H2O (≥ 98.0%), 2-
methoxyethanol (99.8%), citric acid monohydrate (≥ 99.0%), acetic acid (≥ 99.7%), 
lead(II) acetate(≥ 99.5%), titanium(IV) isopropoxide(≥ 98.0%),zirconium(IV) 
isopropoxide(≥ 99.0%), Rhodamine B (≥ 95.0%), Rose Bengal (95.0%), Brilliant Green 
(95.0%), selenium powder (≥ 99.5%), 1–octadecene ( ≥ 99.5%), cadmium acetate 
dehydrate (≥ 98%), oleic acid ( ≥ 99.0%), hexanes (≥ 99.5%), methanol (99.8%) and 
acetone (99.8%) were used as received from Sigma Aldrich. Insulating epoxy (3430) was 
purchased from Loctite.CEC020P ITO/glass (thickness: 150 nm/1.1 mm; sheet resistivity: 
≤20 Ω/□; transmissivity: 88.9%for wavelength 400nm) was purchased from PGO Glass. 
Preparation of polycrystalline BFO films: BFO thin films were prepared on ITO/glass 
substrates following the modified spin-coating procedure reported where else.
[175]
 The 
precursor solution was prepared by dissolving Bi(NO3)3·5H2O (0.2 M) and 
Fe(NO3)3·9H2O (0.2 M) in 2-methoxyethanol. Citric acid was added sequently as the 
chelating agent while the solution was stirred continuously for approximately 1h. Then, 
the BFO films were obtained by spin coating at 4000 rpm for 30 s and pyrolyzed at 400 
°C for 10 min in ambient air. These steps were repeated several times to increase the film 
thickness. A final annealing at 550 °C for 120 min in air was performed to achieve better 
crystallinity and the resultant film thickness was about 300 nm for the film spin-coated 9 
cycles. 
Preparation of polycrystalline PZT films: The PZT films with a stoichiometry 
Pb(Zr0.20Ti0.80)O3 were deposited on ITO/glass by a sol-gel method. The precursor 
solution for the coating was prepared by dissolving appropriate amount of lead acetate    





of titanium isopropoxide (Ti((CH3)2CHO)4) and zirconium isopropoxide 
(Zr((CH3)2CHO)4) was slowly added to the precursor solution. Then 2-methoxyethanol 
was added to adjust the concentration until a clear yellow sol with a molar concentration 
of 0.2 mol/L was obtained. A 10 mol% excess amount of lead acetate was used to 
compensate the Pb evaporation during annealing. The wet films were dried at 150 °C for 
5 min in air and annealed at 400 °C for 10 min. The thicknesses of all prepared films were 
controlled to be about 300 nm. Finally, the films were crystallized in air atmosphere 
under 550 ºC for two hours. 
Fabrication of BFO and PZT photoelectrodes: A strip of conductive copper tape was 
stuck on the exposed ITO part of the BFO (PZT)/ITO to extent the conducting circuit and 
threaded through a glass tube and then sealed with an insulating epoxy. Electrode areas 
were optically measured as 0.5 cm
2
. For measuring the hysteresisloop of BFO and PZT 
films and evaluating the Schottky barrier at BFO/ITO, about 40 nm thick Au dots with 
diameters of 0.28 mm were deposited onto the BFO and PZT films by using physical 
vapor deposition, respectively. 
Syndissertation of CdSe quantum dots: A 50 ml three-necked round-bottom flask with 
0.047g Se powder and 7.092 g ODE was purged under N2 flow with constant stirring for 
30 min, then heated to 280 
o
C by using a heating mantle until the Se powder was 
completely dissolved and a pale yellow solution was formed. In parallel, for the cadmium 
precursor, a 25 ml Erlenmeyer flask containing 0.1596 g Cd(CH3CO2)2 and 3 ml OA was 
purged under N2 flow with constant stirring and maintained at ~120 
o
C for injection. 
Then, the hot Cd precursor solution was quickly injected to the Se hot pale yellow 
solution and the temperature dropped to ~260 
o 
C immediately. Within 2-3 min after 
injection, the solution turned orange indicating the formation of quantum dots and the 





aliquots were taken out at different time intervals. After cooling to room temperature, the 
quantum dots were washed with methanol and centrifuged 3 times and then were 
precipitated and washed with acetone for another 3 times. Finally, the purified quantum 




Modifying monolayer CdSe quantum dots on BFO electrodes: BFO photoelectrodes were 
first immersed in a CdSe quantum dot suspension in hexanes for 20 min. After removed 
from the solution, the photoelectrodes were thoroughly rinsed with neat hexane and 
soaked in neat hexane for 20 min to remove loosely physisorbed materials. Subsequently, 
the quantum dots sensitized BFO electrodes were soaked in 10% v/v EDA methanol 
solution 10 min for ligand exchange before being used for photoelectrochemical 
measurements. 
Photoelectrochemical measurements: Poling pretreatment was conducted in a quartz 
electrochemical cell with BFO photoelectrode as the working electrode and Pt plate as the 
counter electrode, respectively. Due to the large electrochemical windows, propylene 
carbonate solution containing 0.1 M LiClO4 was chosen as the electrolyte for poling. The 
poling bias was controlled in range of +8V to –8V and the poling time was selected as 10 
s. External quantum yield was measured with an Oriel 150 W Xe arc lamp (Newport) and 
a quarter-turn single-grating monochromator (Newport). Sample measurements were 
recorded with chopped illumination (20 Hz) and no external bias was applied during the 
measurements to get a pure photocurrent signal. The output current signal was connected 
to a Merlin digital lock-in radiometry system and the output signal from the lock-in 
amplifier was fed into a computer controlled by TRACQ BASIC software. Current-
potential plots were measured using the digital BioLogic potentiostat (SP-200) and 0.1 M 





reference electrode were used during the measurements and standard 300 W Xe lamp 
(Newport) served as the light source which was characterized to 100 mW/cm
2
 by a Si 
photodiode (Newport). Investigation of charge injection from molecular dyes to BFO 
films was performed by dissolving each dye in the electrolyte with a 0.05 mM 
concentration.  
Characterizations: Powder XRD was recorded on Bruker D8 Advance equipped with 
graphite monochromatized high-intensity Cu Kα radiation (λ = 1.54178 Å). The SEM 
images were obtained by Auriga Zeiss FIB scanning electron microscope. Room-
temperature UV-Vis absorption spectroscopy was carried out on Varian Cary 5000 UV-
VIS–NIR spectrophotometer. Polarization-Electric (P-E) hysteresis loops were examined 
using a precision ferroelectric analyzer from Radiant Technology. The dark leakage 
current J–V characteristic of Au/BFO/ITO was recorded by Keithley 4200. 
6.3 Result and Discussion  
Rather than growing BFO films epitaxially by radio frequency (RF) magnetron 
sputtering or pulsed-laser deposition (PLD),
[160,162]
 we adopted a cost-advantageous 
technology, spin-coating, to obtain high-quality BFO films on ITO/glass.
[176]
 Preparation 
details and a description of the methods employed for data collection are provided in the 
Supporting Information. Figure 6.1a presents the XRD pattern of the polycrystalline BFO 
films on ITO-coated glass substrate, where the diffraction peaks at 2θ values of 
22.48,31.89, and 39.18 could be indisputably ascribed to the reflection of (100), (110), 
and (111) planes of BFO (JCPDS card No.72-2112), respectively. No diffraction 
signatures of Bi2Fe4O9 and Bi2O3/Fe2O3 are observed, suggesting that the as-prepared 
BFO films possess a pure Perovskite structure. Additionally, being consistent with other 
reports,
[163, 174]





absorption spectroscopy shown in Appendix Figure 11.16, indicating that it is a superior 




Figure 6.1 a) XRD pattern of the BFO films (inset: cross-sectional SEM). b) Dark J-V 
plots of the structure: Au/BFO/ITO. c) The fluorescence spectra and d) schematics of 
energy band gap alignment of the BFO/ITO undergone the poling of +8V and −8V, 
respectively. 
Figure 6.1a inset image displays the representative cross−sectional SEM of the spin-
coated BFO thin film on ITO/glass allows the thicknesses of BFO and ITO to be gauged 
as about 300 nm and 100 nm, respectively (Figure 6.1a). The BFO/ITO interface is of 
high prominence visually, suggesting that this electronic junction should probably play a 
significant role in the photoelectrochemical performance. Thus, the BFO/ITO junction 
was investigated and the relevant data are illustrated in Figure 6.1b. On the basis of the 





of Schottky-Simmons equation (Figure 6.1b), it is demonstrated that the BFO/ITO contact 
is a typical Schottky junction and the electronic barrier height for BFO/ITO is estimated 
to be around 1.24 eV, being in agreement with reported values.
[178]
 The measurement and 
analytical details can be found in the Chapter 3. Yang et al. and Schafranek et al.
[178, 179]
 
reported that the Schottky height in the metal/ferroelectric film was mainly determined by 
the interfacial charge percentage, which is related to interfacial defects such as oxygen 
vacancies generated in the  annealing procedures. Accordingly, such a Schottky barrier 
could not be changed reversely by poling treatments, thus we can focus on the contact 
between the BFO and the electrolyte.  
Though the ferroelectric properties of the spin-coated BFO thin films are not 
comparable with the films prepared by high-vacuum techniques, a set of P-E hysteresis 
loops as a function of test voltages is shown in Appendix Figure 11.17. It is still clearly 
indicates the existence of the ferroelectric hysteresis in the samples, providing us with a 
cost-efficient platform to tune the internal electric field induced by the remnant 
polarization and thus to manipulate the charge transfers of the photoelectrochemistry. 
Steady-state fluorescence spectroscopy is a convenient methodology to analyze photo-
generated charge-transfer dynamics. Before fluorescent measurements, the BFO 
electrodes were pretreated electrochemically in a propylene carbonate solution by 
applying external biases for 10 s. The details of the discussion on the poling pretreatment 
method, particularly the choice of –8 V for poling, are presented in the Appendix 
Additional data for chapter 6. As shown in Figure 6.1c, after –8 V poling, the BFO 
electrode has a higher fluorescence intensity than the same electrode that has experienced 
+8 V pretreatment, revealing that the fluorescent recombination of the photo-generated 
charges is initiated by the –8 V poling. Poling potentials, particularly the potentials with 





ferroelectric domains that were differently poled and the direction of internal field is 
correspondingly tuned.
[161, 163]
 As a consequence, the internal field in BFO films points to 
the BFO surface after being poled by –8 V and a downward band bending is formed at the 
BFO/air interface or the BFO/electrolyte interface (Figure 6.1d, right). In combination 
with the electron barrier at the ITO/BFO contact, the photo-generated electrons can only 
be trapped in the bulk of the BFO films and thus recombination with the holes in the 
valence band becomes the sole way to release the excited energy. On the other hand, a 
positive pretreatment potential switches the internal field so that it points towards the ITO 
electrode and gives an upward band bending (Figure 6.1d; left) which promotes the 
photo-generated electrons to move to the surface. Considering that the Schottky barrier at 
BFO/ITO is favorable to drive photo-generated holes efficiently to ITO, the possibility of 
electron–hole recombination is greatly reduced in this case because of the separation of 
the charges.   
 
Figure 6.2 a) External quantum yield spectra measured for BFO electrodes before poling 





photoelectrodes with different polarization states. Schematics of the mechanisms in 
photo-excited charge transfer from BFO films to the electrolyte (1) and excited surface 
modifiers to the BFO films after the BFO films (2) were positively c) and negatively d) 
poled, respectively. 
Figure 6.2a and 6.2b show the representative steady-state photoelectrochemical data 
for the BFO/ITO photoelectrodes that have undergone poling pretreatments (+8 V or –8 
V) and been immersed in an aqueous solution (0.1M KCl) for measurements. The 
wavelength-dependent external quantum yield spectra measured without any external bias 
undoubtedly demonstrate that the polarization states in the ferroelectric films determine 
the corresponding solar-energy conversion efficiencies. In accordance with the 
fluorescent analysis, the +8 V poling treatment results in the highest external quantum 
efficiency owning to the lowest charge recombination rate in comparison with the same 
electrode experienced no poling or –8 V poling. The external quantum yield of the 
intrinsic sample is higher than the same sample with –8 V polling treatment, implying 
that the ferroelectric domains in the as grown polycrystalline BFO films are randomly 
distributed and not optimized. Correspondingly, the photocurrent–potential plots of the 
as-prepared sample show intermediate results between the positively and negatively 
poling conditions as illustrated in Figure 6. 2b. To simplify the discussion, we just focus 
on the investigation of the samples under positively or negatively poling conditions. The 
external quantum yield of the +8 V poled electrode is almost 10-fold larger than the same 
sample that underwent –8 V poling, illustrative of an excellent capability for tuning the 
photocurrent in BFO photoelectrodes. The external quantum yield of the photoelectrode 
with –8 V poling is lower than 1%. This negligible value is probably from the photo-
generated charges at the BFO surface, since the downwards band bending caused by the –





external quantum yield spectra qualitatively matches the absorption spectrum of the BFO 
films with the value threshold at 500 nm (Appendix Figure 11.19), suggesting that the 
photo-generated charges in BFO contribute solely to the photocurrent in this case.  
The photocurrent–potential plots of the poled BFO photoelectrodes as shown in 
Figure 6.2b reveal two distinct features. First, the electrodes both positively and 
negatively poled, exhibit a cathodic photocurrent, meaning that the photocurrent is 
formed by the transfer of photo-generated holes rather than the electrons to the ITO/glass. 
The existence of the 1.24 eV Schottky barrier at BFO/ITO interface is mainly responsible 
for this feature. Such a barrier obstructs electron but boosts hole transfer to the ITO 
electrode so that only a cathodic photocurrent is obtained, no matter how the BFO films 
are poled. Second, the parameters for characterizing the photo response of the BFO 
electrodes show that they have an impressive tunable capability. At 0 V vs Ag/ AgCl, the 
photocurrent could be switched from around 0 mA cm
–2
 to 10 mA cm
–2
 and Voc also has a 
good variability with the value change from 33 mV to 440 mV, after the poling bias of the 
ferroelectric electrode is manipulated from ‒8 V to +8 V. As the scanning potential 
increases negatively, the photocurrent of the –8 V poled electrode also changes 
accordingly, that is, becomes more negative. Although the negative scanning potential is 
smaller than the coercive field and cannot switch the orientation of the remnant 
polarization, it can still raise the Fermi level of the BFO films, reduce the electron barrier 
induced by the –8 V poling at the BFO/electrolyte interface and thus cause the leaking of 
current to the electrolyte. In the whole scanning range, the photocurrent of the –8 V poled 
electrode is always lower than the same electrode after +8 V poling, indicating that the 
band bending at the BFO/electrolyte interface induced by poling treatment is crucial to 






charge transfer in BFO is schematically shown as the procedure (1) in Figure 6.2c and 
6.2d. 
 
Figure 6.3 a) External quantum yield spectra of the BFO electrodes measured with 50 µM 
Rhodamine B and the absorption spectrum of Rhodamine B in water (inset). b) 
Photocurrent−potential measurements under a 590 nm illumination (~1mW/cm2) from a 
monochromator. 
The poling treatment could not only adjust the photogenerated charge transfer in 
BFO films, but could also be of use in tuning the excited charge transfer from the surface 
modifiers. Separate investigations were carried out to assess how the poling treatment 
impacted the charge transfer. The steady-state photoelectrochemical data were collected 
by immersing the ferroelectric photoelectrode in an aqueous solution with 0.1M KCl as 
the supporting electrolyte and 50 µM Rhodamine B as the modifier. As presented in 
Figure 6.3a, the external quantum yield spectra demonstrate that the +8 V poled electrode 
exhibits a prominent peak at 590 nm and the profile of this peak is in agreement with the 
absorption spectrum of Rhodamine B (Figure 6.3a, inset), a result which is strongly 
indicative that the photocurrent signal measured at wavelengths longer than the band-gap 
energy of BFO is from the photo-excited hole injection of Rhodamine B. When the 
ferroelectric photoelectrode is poled at –8 V, the external quantum yield peak from 
Rhodamine B disappears. To support this observation, photocurrent–potential 
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measurements were conducted under 590 nm illumination (ca. 1 mWcm
–2
) from a 
Newport monochromator. Consistent with the external quantum yield measurements, the 
+8 V poled electrode shows an clear cathodic photocurrent while no cathodic 
photocurrent is observed for the same electrode with –8 V poling (Figure 6.3b). The 
position of the BFO valence band is reported to be around 1.5 V vs the normal hydrogen 
electrode (NHE),
[180, 181]
 higher than the highest occupied molecular orbital (HOMO) 
position of Rhodamine B.
[156]
 As shown in Figure 6.2c,d, the consequent band gap 
alignment for BFO/Rhodamine B is favorable for the excited hole injection from 
Rhodamine B to BFO films. Once the excited holes are captured at the surface of the 
BFO films, the poling-induced band bending determines the transfer of the injected holes. 
The upward band bending by +8 V poling drives the holes to the bulk of the BFO films 
and forms a sensitization photocurrent collected by the ITO electrode. The downward 
band bending by –8 V poling, however, inhibits the movement of the holes to the bulk of 
the BFO film and the holes could only be trapped at the BFO films surface thus no 
sensitization photocurrent is observed. This novel charge-transfer switching ability is also 
occurs for other triphenylmethane dyes, such as Rose Bengal and Brilliant Green as 






Figure 6.4 a) External quantum yield spectra of the BFO electrodes sensitized with CdSe 
quantum dots and absorption spectroscopic measurements of CdSe quantum dots in 
hexanes (inset). b) XRD pattern and TEM image (inset) of CdSe quantum dots. 
Figure 6.4a illustrates the representative external quantum yield spectra of the BFO 
electrodes sensitized with CdSe quantum dots and measured in an aqueous solution with 
0.1m KCl. The XRD pattern and TEM image in Figure 4b confirm that the prepared 
nanoparticles are 4.5 nm CdSe quantum dots. To adsorb quantum dots, the BFO 
electrodes were soaked in a hexanes solution with 10 mgmL
–1
 oleic acid capped CdSe 
quantum dots for 10 min, rinsed with hexanes, immersed in a methanol solution with 
excess ethylenediamine for ligand exchange, and finally placed in the aqueous test 
electrolyte for analysis. In Figure 6.4a, the +8 V poled BFO/ CdSe exhibits a pronounced 
photocurrent signal unlike the –8 V poled counterpart beyond the absorption threshold of 
BFO. The well matched profile of the external quantum yield spectrum with the 
absorption spectrum of the 4.5 nm CdSe quantum dots (Figure 6.4a), suggests that the 
photo-excited hole injection from CdSe quantum dots contributes to the increased 
external quantum yield. For the –8 V poled BFO/CdSe, no photocurrent beyond the BFO 
absorption threshold is observed, confirming that the charge injection from quantum dots 
could also be switched by the poling pretreatment of the ferroelectric electrodes. 
Considering the large depolarization electric field across the ferroelectric film, the 
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observation of the excited hole injection from inorganic quantum dots to positively poled 
BFO films supports the idea that ferroelectric photoelectrodes could be alternative 
platforms to extract multiple holes (electrons) generated from one absorbed photon or hot 
holes (electrons) in quantum dots without losing any photovoltage, though more research 
needs to be made.  
The cumulative experimental results illustrate an alternative design strategy for 
constructing smart photoelectrochemical systems with a good switchable capability for 
charge transfer. Specifically, the BFO photoelectrodes offer advantages that differ from 
those of conventional semiconductor photoelectrodes. The switchable band bending at the 
surface of the ferroelectric electrodes could be utilized to drive both reduction and 
oxidation reactions according to the orientation of the remnant polarization. Additionally, 
such reactions are not limited to the photon assisted reactions such as water splitting, but 
common electrochemical reactions could also be tuned by the poling treatments of the 
ferroelectric electrodes.
[182]
 With regards to the photoelectrochemical energy conversion, 
the tunability of the charge transfer in the ferroelectric photoelectrode broadens the 
possibility to design a complete photoelectrochemical cell with only ferroelectric 
electrodes that behave as photoanodes or photocathodes relying on the choice of poling 
biases. Although it was not a primary focus of this study, these data also imply that the 
BFO photoelectrodes still have a pounced external quantum efficiency by considering the 
relatively poor ferroelectric performance in comparison with single crystalline BFO 
films.
[160] 
Additional progress in the spin-coating technique for improving the ferroelectric 
performance of BFO should be made, to utilize the orientation of the ferroelectric 
domains maximally and to harvest the excited charges or even hot charges from quantum 








Chapter 7. Nanoarrays: First Optimation Of Space Effect In-Between CuWO4 
Nanograin Arrays For Supreme Performance of Photoanode Water Splitting 
7.1 Introduction 
The need for energy is continuously increasing and will remain same in the future as 
well. Unfortunately, the availability of fossil fuels, which are currently the most 
prominent source of energy, will decrease in the next few decades. This issue evoked 
researchers to develop new and renewable energy sources which are environmentally-
friendly. In 1972, Fujisima and Honda set an important foundation on affordable 
environmentally-friendly TiO2-based
[91] 
renewable energy technology which effectively 





, and fabrication technic
[191]
 are endeavoured to 
improve the quality and performance of various solar energy conversion devices. One of 
the interesting research objectives is hydrogen fuel production through the process of 
photoelectrochemical water splitting, which has been proved to be economic and 
environmentally-friendly. Gratzel et. al.
[99]
 and some other researchers
[192-194]
 managed to 
realize the materials such as Cu-I-S, Cu-O, Fe-O, Cu-Bi-O, Cu-W-O, and some others in 
the form of multi-tier thin film for PEC application. The presence of numerous layers in a 
multi-tier thin film hinders the achievement of high effectiveness in PEC as it not only 
has to fit the band gap (from effective range of 3.2 eV to 1.6 eV) but also the fabrication 
technic and material deposition one another within the multi-layer will significantly 
determine the quality and final result of mobility, density electron (n-type), and hole (p-





Tungstate oxide (WO3) is an attractive material to be observed and analysed as it has 
a high potentials in the fields of optic, optolectronic, diamagnetic, photocatalyst, and 
sensor.
[194-196]
 A specific example for a tungstate is copper tungstate oxide (CuWO4).  
Hitherto, most of the previous reports are focused on the development of CuWO4 thin film 
with a band gap in the ranges of 1.8 eV to 2.4 eV by employing various deposition 
methods. Martin et. al.
[202]
 reported the comparison of result of WO4 and Cu. 
Nevertheless, there is no report demonstrating at least half of the theoretical efficiency 
(13%) of CuWO4. The fabrication of thicker electrodes by sol-gel process or by 
electrodeposition results in a low external quantum efficiency.
[195]
 Furthermore, the 
rational construction of CuWO4 nanostructure is expected to improve light absorption 
efficiency as well as broaden the contact surface area, which in turn improves the 
performance of PEC. Despite the ability of nanostructure in transferring the holes at 
mineral/electrolyte interface efficiently via diffusing across axial direction of the 
nanostructures, the minimum mobility of electrons within CuWO4 remains an obstruction 
since they have to transport along the radial direction to culminate to the current 
collector.
[1961
 In the case of nanoarrays, the core functions as a conductive path, it 
potentially becomes a perfect candidate to both facilitate the electrons separation and also 
simultaneously the transportation in the axial direction.
[216]
 Additionally, new approaches 
are required to develop CuWO4-based nanostructures to efficiently utilize the visible light 
absorption capability as well as good stability of CuWO4. Moreover, multistep fabrication 
processes are challenging because of their complex structure, which complicates the 
quantitative optimization of the charge carrier collection.
[225] 
In this work, the fabrication of CuWO4 nanograin arrays via controlled 
electrodeposition of CuWO4 into nanoimprinted AAO template at an applied current of 





work also analyses the influence of the in-between space of CuWO4 nanograins in the 





As a result, the realization of electrodes based on CuWO4 nanograin arrays 
proof enhances the performance optimization for electrode application towards PEC. 
7.2 Result and Discussion  
To present, nanoimprinted AAO template technique has been one of favourite 
technologies proven to significantly contribute to good fabrication of nanostructure 
arrays, perfect structure manipulation, as well as low-cost and relatively easy 
production.
[200-201]
 As depicted in Figure 7.1, simple schematic steps of CuWO4 nanograin 
arrays fabrication is described in details which chronologically explains it step by step. 
The basic principle of this fabrication is ordering nickel (Ni) as self-support on 
aluminium which has been polished as Step 1, anodization for 30 minute on 4 
o
C 
temperature and soaked in H3PO4 (5 wt%) solution to control pore of 50 nm to 200 nm. 
Figure 7.1 from AAO template is an illustration of the distance between two axis (Step II) 
which entirely depends on the soaking time on H3PO4 (5 wt%), continued with TiO2 dan 
Au (Step III) deposition, electrodeposition using 3 electrodes with apply bias −0.4 mA Vs 
Ag/Agcl and is heated at 550 
o
C temperature for 2 hours in the air (Step IV), plating-
nickel (Step V), eliminating the back-side AAO (Step VI), and is finished by eliminating 
the template by using H3PO4 (5 wt %) solution for 3 hours in 30 
o
C temperature, and the 






Figure 7.1 Schematic illustration of fabrication process of CuWO4 nanograin arrays using 
nanoimprinted AAO template technique. 
The nanograin arrays acquired from nanoimprinted AAO template are shown in 
Figure 7.2(a-a1, a2), and we can see that morphology of CuWO4 nanograin arrays is well-
organized in large good order due to high nanoimprinted AAO template structure control. 
With relatively equal length of nanograin arrays about 1 to 1.7 µm, and relatively wide in-
between space is around 50 nm aim 200 nm. When the electrolyte penetration will 
conveniently work on CuWO4 nanograin arrays without any barriers, and it consequently 
will impact on high electron and hole mobility. To add more advantage of this 
nanoimprinted AAO template, low impurity effect can be added even though it is heated 
above 550 
o
C temperature along with CuWO4 in the air. SEM image in Figure 7.2 (b-e) 
clearly describes the effect of nanoimprinted AAO template, and the invisibility of 
nanoimprinted AAO template trace gives another proof that this technology is highly 
effective for the fabrication, especially for controlling in-between space of CuWO4 50 






Figure 7.2 SEM images of the nanoimprinted AAO template show in large area (a), top 
view which shows the pores of the template (a1), and cross-sectional view nanoimprinted 
AAO template (a2). SEM of the CuWO4 nanograin arrays different in-between space (b-
e) of the 50 nm, 100 nm, 150 nm, and 200 nm (Insert: cross-section), respectively. 
Figure 7.3 shows the HRTEM of a CuWO4 nanograin. From this analysis, nanograin 
structure with diameter of 200 nm is formed (the figure is not shown here), which 
distinguished from CuWO4 thin film previously reported. This becomes the critical 
foundation to propose a hypothesis that the electron-irradiation process will easily enable 
the penetration into compartment with broader width on surface, and contributes to 
hydrogen evolution reaction on counter electrode, when simultaneously the process of 
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CuWO4 thin films. High resolution image of electron microscopy transmission and 
selection of the corresponding selected area electron diffraction pattern are shown in 
Figure 7.3 (a-b). To strengthen results, electron diffraction tomography (EDT) CuWO4 is 
used to obtain the standard form with a space symmetric group Cmcm and parameters unit 
per cell a = 3.72 Å, b = 5.51 Å, and c = 3.98 Å, as shown in detail in Figure 7.3 (b). From 
the image, high quality single-crystal appears as shown in the previous structure. 
Furthermore, as also shown in Figure 7.3a, the results of transmission electron 
microscopy scan with aberration corrector on the sample which is a projection to the 
crystalline quality of the sample indicates that the average distance of 0.22 nm between 
the adjacent lattice planes could still be estimated, corresponding to the (-110) plane of 
the materials. It also provides information of high-crystallinity consistency, structure, and 
distribution of Cu and W in CuWO4 nanograin arrays. This is also a complement to the 
information on bright element clearly shown from the simulation fast Fourier transform 
(FFT), in which the atomic column O is distributed randomly in the structure. Meanwhile, 
XRD pattern on this electrode is demonstrated in Figure 7.3 (c) along with Millner index 
of crystal single structure. As a comparison, we conducted a measurement on thin film 
and nanograin arrays in which both were heated in the air at 550 
o
C for 2 hours, since in 
CuWO4 was heated at below 550 
o
C temperature, the XRD pattern was not 
constructed.
[203-204]
 The (001) on angular position of 24.21
o
 was seen, and (002) as the 
reflexion of angular position was 33.27
o
. To further confirm the chemical composition of 
the prepared CuWO4 nanograin arrays, energy-dispersive EDX mapping of a 
representative particle was carried out and the relevant images are shown in Figure 7.3, 
where we could definitely obtain signals from Cu, W and O. The reason for the improved 
crystal quality is probably be that the very thin TiO2 on template can supply a uniformly 





nanograin arrays, and notably lower resistance. The composition of this prepared material 
is also identified by the scanning result of XPS spectra as depicted in Appendix Figure 
11.21. The identified peak of energy is W (5d 7/2) and W (5d 5/2) where each is 35.05 eV 





 Spectra region Cu(2p) is shown by the peak of Cu(2p 3/2) dan the peak of Cu(2p 





last one is O(1s) area which is depicted by one peak (1s) is the lattice oxide domain, and 
generally describes the hydroxide surface on metal oxide surface.  
 
Figure 7.3 (a) High-resolution transmission electron microscopy image of a CuWO4 
nanograin obtained arrays during sample preparation, (b) Corresponding selected area 
electron diffraction pattern acquired from the nanograin, (c) XRD pattern of sample 150 
nm in between (inset: Simulated cells inverse FFT of CuWO4). (d) SEM image 
corresponding EDX mapping 150 nm in-between space for (e) Cu element, (f) O element, 
(g) W element and the CuWO4 nanograin arrays were prepared by a electrodeposition and 







The relevant in-between space distribution of the CuWO4 nanograin arrays for 50, 
100, 150 and 200 nm is respectively exhibited in Figure 7.4 (a1-a4). The space in between 
for CuWO4 nanograin 50 nm is limited, ranging from 48 to 54 nm (Figure 7.4 a1). 
Meanwhile, for 100 nm, CuWO4 nanograin arrays the distribution in between space is 94-
102 nm, and for 150 nm is in the range of 148-152 nm, and the in-between space of 
CuWO4 nanograin arrays in Figure 7.3 (a) is respectively limited to 198-202 nm. That 
means nanoimprinted AAO templates it really effective-technology to controlled the 
CuWO4 as nanostructure as not reported before. The measurement of light absorber was 
conducted by using UV Vis spectrophotometric with in-between distance, but with the 
same deposition and heating parameters towards CuWO4 nanograin arrays, as shown in 
Figure 7.4 (b). Hereby we present the optimum condition reached by each compartment 
as the foundation to recognize the improvement in PEC performance. The differences in-
between spaces in CuWO4 nanograin arrays provide a good opportunity to optimize the 
light absorption capability. The absorption spectra of the prepared samples demonstrated 
in Figure 7.4 (b) is measured in the diffuse reflectance mode. If we compare to CuWO4 
nanograin arrays one another, there is a distinct absorption enhancement exhibited in the 
range of 300-620 nm, attributed to the anti-reflection characteristics owned by the 
CuWO4 nanograin arrays structure. Additionally, in Figure 7.4b, the absorption spectra of 
CuWO4 nanograin arrays included present the pronounced absorption in the visible area. 
The inclination of absorption occurs at around 500 nm for CuWO4 nanograin arrays with 
in-between space 50 nm, and at 620 nm for CuWO4 nanograin arrays with 150 nm in-







Figure 7.4 The relevant in-between space distributions of the CuWO4 after the annealing 
treatment for different space: 50 nm (No. a1), 100 nm (No. a2), 150 nm (No. a3), and 200 
nm (No. a4). b) Diffused reflectance UV-vis spectra of the 50 nm, 100 nm, 150 nm, and 
200 nm, respectively. c) The photograph of the corresponding one sample 150 nm in-
between space.  
In order to find the maximum photogenerated carrier and minimum recombination 
carrier in CuWO4 nanograin arrays for all samples with different in-between space, PEC 
measurement is conducted in photoanode CuWO4 nanograin arrays as shown in Figure 
7.4c. Measurement in working electrode CuWO4 nanograin arrays is executed by 
determining three electrodes with Ag/AgCl as the reference electrodes, and Pt plate as 
counter electrode. As a note, all these measurements were conducted in 0.1 Na2SO4 (pH 
6.8) neutral solution in which nitrogen gas was flowed-in for one hour before being 
utilized. This procedure was performed in order to minimize the effect of external bubble 





7.5a explicates the characteristics of the irradiation current density versus bias voltage 
interval (J-V) was measured at 20 mV/s between −0.2 V and 1.4 V versus Ag/AgCl, in 
dark and irradiation (AM 1.5G, 100 mW/cm
2
) to CuWO4 electrode on the sample with 
different in-between space and diameter inside (depicted with SEM Figure 7.2). From this 
illustration, it is clear that irradiation current increases in bias voltage positive 
measurement area, indicating that is n-type. As a comparison given in Appendix Figure 
11.22, all measured samples showed the same behavior in positive areas. The 
fundamental difference can be seen from this measurement is the density magnitude of 
irradiation current at interval of 0 V to 0.4 V versus Ag/AgCl. 
 
Figure 7.5 (a) Chopped light LSV of a CuWO4 photoanode in a three-electrode 
configuration described in the text and under AM 1.5G sunlight. The scans are collected 
from −0.2 to 1.4 V versus Ag/AgCl. (b) ABPEs of the relevant electrodes (a), (c) 





chopped on–off cycles under AM 1.5G, (d) EQY of the electrodes measured without 
applying an applied bias. 
As explicated before that the in-between space difference is predicted as the cause 
CuWO4 nanograin arrays with wider space will make the charge carrier easier to do the 
transfer and recombination. This also can be seen from the value of irradiation current 
density on dynamic bias voltage. On Figure 7.5 (c), it can be clearly demonstrated that the 
irradiation current density highly depends on the in-between space. Where the peak of 
irradiation current density occurs at 0.22, 0.41, 1.02 and 0.88 mA/cm
2
 (vs Ag/AgCl) , for 
50 nm, 100 nm, 150 nm and 200 nm, respectively, is measured at thermodynamic bias 
voltage, which is on 60 minutes of deposition duration which in-between space 150 nm. 
The reason we can provide here is because after that there was a decrease in irradiation 
current density because CuWO4 particle resulted from deposition has exceeded the 
nanoimprinted AAO template height, therefore at the end will be tangent or the 
membrane which become the carrier recombination barrier will appear. Optically, in this 
membrane density, part of incoming irradiation light was not absorbed but was reflected, 
or in other words the membrane creates an interface which minimize the efficiency of 
incoming irradiation light mode.
[198] 
Another possibility is the coupling between one CuWO4 nanograin arrays particle to 
another, providing a transient drift effect between standing part current direction and 
membrane, which caused the decrease in irradiation current density. In other part, the 
additional TiO2 (Egap 3.2 eV) protection layer with atomic layer deposition
 [206] 
is aimed to 
increase the absorption capacity of light spectrum in CuWO4 nanograin arrays, even 
though the reachable maximum value by using this mineral to convert solar irradiation 
into hydrogen is only up to 3%
[206]
 due to the wide energy gap between these both 





plasmon resonance (SPR), as found by Hales et. al. that magnitude of SPR effect depends 
on the size, morphology, and density of Au nanoparticle itself. Au nanoparticle was also 
used as conductor for Au nanoparticle deposition in the beginning of preparation (please 
refer to scheme in Figure 7.1). As a comparison, Appendix Figure 11.22 is displayed to 
show the value of photogenerate in thin film CuWO4. The thin film of CuWO4 deposited 
to FTO glass with valid mechanism is equal to the growth method in nanograin arrays. As 
the measurement of photogenerate in CuWO4, thin film is conducted in the same 
electrolyte in addition to range limitation of applied bias. It is clearly demonstrated in the 
Figure Appendix Figure 11.22 that the maximum irradiation current at bias voltage 
density on thermodynamic applied bias (0.74 mA/cm
2
), that is lower than the same 
measurement to nanograin arrays compartment because of hole injection on CuWO4-
electrolyte thin films, as well as the weak carrier current which enables to make this 
CuWO4 thin film to have smaller performance towards PEC measurement. 
From the discussion of the irradiation current density, theoretically we can measure 
the degree of efficiency of η irradiation conversion (applied bias photon to current 
efficiency, ABPE as show in Figure 7.5 (b) from CuWO4 nanograin arrays electrode with 
bias voltage by using equation
[206,207] 
 η= J(1.23 – Vapp)/ Plight where Vapp applied bias Vs 
Ag/AgCl, J is external current measurement density, dan Plight is irradiation power 
density. The measurement result is presented in Figure 7.5 (b). with space in-between of 
50 nm, 100 nm, 150 nm, and 200 nm each is 6.81 V s Ag/AgCl), 6.83 Vs Ag/AgCl), 7.12 
Vs Ag/AgCl), and 7.11 Vs Ag/AgCl), organized in sequence. Moreover, from the figure, 
it can be clearly explicated that electrode optimum space is at 150 nm. This result also 
consistently occurred to samples with protection layer deposition. As consequence, the 
CuWO4 nanograin arrays have wider surface and in direct contact with electrolyte as an 





Nevertheless, too close or too far distance of space between two diamagnetic (mix of Cu-
O and WO3) CuWO4 nanograin arrays will significantly influence the generated electric 
field.
[208]
 Hence, optimum in-between distance has a significant impact on diamagnetic 
material. Qualitatively it can be interpreted that polarization through induction and non-
barrier current within the magnetic field orbit will influence the efficiency of irradiation 
conversion. As seen from Figure 7.5 (c), the characteristic of chopped under AM 1.5G 
irradiation towards CuWO4 nanograin arrays appears to be relatively stable in 60 minutes 




at 0.7 V 
Vs Ag/AgCl, the highest result present as compared to previous report as show in 
Appendix Table 11.2 as the comparison displays the result values of irradiation current 
measurement for CuWO4 thin films. This verifies our hypothesis that photoanode CuWO4 
nanograin arrays provide significant effect towards photogenerate. This indicates that the 
CuWO4 present the photon absorption and collection via the band gap transitions of 
between electrodes. The highest value comes from the in-between space 150 nm 
electrode, in consistent with the highest absorption curve in Figure 7.4 (b). 
The spectrum as the result of EQY (%) towards CuWO4 nanograin arrays electrode 
in every sample was conducted without applied bias voltage as shown in Figure 7.5 (d). 
Around wavelength of 410 nm, the peak of photon-to-current efficiency appears for all 
samples, yet as explained previously that the influence of in-between space of two 
CuWO4 nanograin arrays seems to be real. Too close the in-between space distance also 
significantly contributes to the decrease of the efficiency measurement. From this point, 
photon absorption on electrode is effective in relatively wide wavelength interval in 
visible area, which is from 300 nm to 620 nm.  This is agreed well with the result 





Therefore, one of the ways to improve the efficiency on this mineral is by minimizing the 
polycrystalline. 
To explain further on the electronic structure of this composite, Mott-Schottky (M-S) 
equation is relevant in this work by applying electrochemical impedance at frequency 1 
Hz aim 1 MHz on voltage interval −0.4 V to +0.7 V (vs Ag/AgCl). The capacitance value 
of this measurement, which is calculated at 1 kHz as presented in Figure 7.6a, and show 
us the Mott–Schottky plot of the PEC electrode based on CuWO4 nanograin arrays. The 
linear profile and the positive slope yield a typical n-type feature of the prepared material. 
This data is then used in M-S relation. The typical of potential of flat-band VFB is between 
0.2 V Vs Ag/AgCl to −0.19 Vs Ag/AgCl, correspond to the previous report.[207,214] From 
the result, we retrieved each flat band voltage with different values 
[203-204,208] 
on open-
voltage series below 1.5G illumination −0.16 V (vs Ag/AgCl ), −0.14 V (vs Ag/AgCl ), 
−0.104 V (vs Ag/AgCl ) and 0.46 V(vs Ag/AgCl ), for 50 nm, 100 nm, 150, and 200 nm, 
respectively, in sequence for each electrode with in-between space difference. 
Afterwards, the density of majority carrier is calculated from the slope by using equation 
d(Csc
-2
)/dE = 2/ eεoεND (using dielectric constant 83
[207]
 for CuWO4 and the effective mass 



















each in sequence. Noted that the 
value of the charge-majority carrier is higher than the reported before.
[206,207]
. The figure 
also clearly explicated that this CuWO4 nanograin arrays has behavior from n-type 
conductivity and highest value from charge-majority carrier is the sample with in-
between distance of 150 nm. As exhibited in the inset of Figure 7.6a, Nyquist plots 
measured in the frequency range of 10
6
 Hz to 1 mHz at the bias of 0 V vs. Ag/AgCl for 
the two sets of PEC electrodes are shown insert, given that the semicircle in a Nyquist 





of the semicircle is estimated to be equal to the charge transfer resistance.
[222] 
This series 
of electrochemical measurements illustrates that modification of nanograin arrays is able 
to positively impact the electronic properties of CuWO4, by increasing the doping density 
and enlarging the band bending at the interface with electrolyte. The reduced charge 
transfer resistance are beneficial for promoting the separation and transfer of the photo-
generated charge carriers, indicates a higher efficiency for the utilization of photo-
generated charges in CuWO4 nanograin arrays than thin films.  
 
Figure 7.6 (a) Mott−Schottky plots obtained from SPEIS measurements with Nyquist 
plots as the inset, (b) Energy level schematic of CuWO4 
Additionally, the precise band gap structure of the grown CuWO4 nanograin arrays to 
the band gap values derived from the Tauc plot are demonstrated in Figure 7.6 (b). 
Referring to the standard reduction as well as oxidation potentials of water splitting 
reaction, as those potentials are just in between the valence band position and conduction 
band position of CuWO4 nanograin arrays, make it an ideal material for water splitting. 
Practically, the short distance between the Fermi level and the valence band position 
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gap value herein is slightly lower that of reported values, which can be attributed to the 
material‟s defects.[216]  Meanwhile, the positions of energy power are determined under 
vacuum conditions with surface defects removed by ion milling procedures. These create 
a difference compared to the band gap positions measured by the electrochemical 
technique. 
The result from this efficiency spectrum is in accordance to the result of absorption 
spectrum in this CuWO4 nanograin arrays electrode. For another side, in order to 
comprehend more thoroughly on the interaction between photon and CuWO4 nanograin 
arrays, simulation from FDTD) is exhibited in Figure 7.7. This simulation is specified to 
find out electric field distribution around top view-sectional nanostructure appearance 
when sample is irradiated by photon with wavelength of 410 nm. It is observed when in-
between space of nanograin is narrower; the near-field coupling oscillation strength 
creates a robust confinement of the local electric field that intensifies the spectroscopic 
signals. This impact, resulted from the distribution of the nanograin, is in concordance 
with the observation on nano-metal particle arrays. As explicated by Jain et. al.
[226]
 that 
within the dipolar coupling model, the distance decay of plasmon coupling was 
independent of the metal type, the nanoparticle shape, and the medium of dielectric 
constant. To analysis further, the near-field intensity enhancements demonstrate a fast 
decay with the gap inclination of the nanograin. It indicates that when the nanograin 
distribution is tuned sparse, the coupling of the electric field is getting weak. This 
weakened coupling could be the reason for the corresponding band gap shift of CuWO4 
nanograin arrays. Likewise the band gap shift of CuWO4 nanograin arrays, claimed that 
such band gap shift could be realized by adjusting the in-between space CuWO4 
nanograin in the range of 150 nm to 200 nm, as based on the conventional quantum 





obtained only by adjusting the diameters and the in-between space of CuWO4 nanograin 
arrays; these parameters are even larger than the Bohr radius of CuWO4 nanograin arrays. 
Our results also indicate that because the thicknesses of these CuWO4 nanograin arrays 
are equal, quantum effects and thus not responsible for this observation. This specific 
optical band gap shift is attributed to the interaction of the incident radiations with the 
highly ordered nanostructure arrays, and the tenability of the band gap is correlated to the 
strength of the near field enhancement of light. This section exists to widen the tuning 
range of optical properties of nanostructure arrays and the possibilities of photoelectronic 
applications. This can explain the influence of photon interaction and CuWO4 nanograin 
arrays with different sample geometric in-between space parameter by identifying the 
intensity of electric field to measure optimum in-between space which influences electric 
field distribution of CuWO4 nanograin arrays. Furthermore, this observation involved top 
view-section dimension in-between two CuWO4 nanograin arrays, antianode distribution 
spectrum indicated along the diagonal section which splits the CuWO4 nanograin arrays 
structure, where the wider the in-between space of two CuWO4 nanograin array, the 
weaker the electric field. Conversely, the closer the in-between distance between two 
CuWO4 nanograin arrays, the stronger the electric field will be. However, it needs to be 
understood that the distance of electric field generated from two nanograin will influence 
the magnetic field which also impacts on the electrolyte penetration as the electron 
carrier, thus it is necessary to have an adequate in-between distance in accordance to the 
band gap which enable to improve PEC performance. Therefore, based on the observation 
from irradiation current and the EQY (%) characteristics, it can be concluded that the in-
between space in CuWO4 nanograin arrays explains that there is a significant increase 






Figure 7.7 Simulated cross-sectional EM wave distributions of the CuWO4 nanograin 
arrays at the wavelength 420 nm of in-between space (a) 50 nm, (b) 100 nm, (c) 150 nm, 















Chapter 8. Nanoarrays: Realizing Super-long Cu2O Nanowires Arrays for High-
efficient Water Splitting Applications with a Convenient Approach 
8.1 Introduction  
Fujishima and Honda reported hydrogen generation in a PEC water splitting cell 
using a TiO2 electrode in 1972.
[91]
 The conversion of solar energy to chemical fuels like 
H2 is a highly feasible approach to solve world-wide sustainable energy challenges. 
However, as frequently discussed, until now, the reported efficiencies remain too low to 
be practical.
[46,227–230]
 To solve this problem, building novel morphologies has been an 
effective method in fundamentally improving the performance of solar water splitting, on 
the basis of their unique geometry and size- and shape-dependent characteristics. 
Nanowire, as a typical nano-structure, has been successfully manufactured in various 
semiconductors for enhancing the PEC performances, such as TiO2, ZnO.
[231]
 
Cu2O, with a direct band gap of ~2.1 eV, has long been regarded as an attractive 
candidate for solar energy conversion, with a theoretical maximum photocurrent of 15 
mA cm
-2
 and 18% solar-to-hydrogen conversion efficiency under AM 1.5 
illumination.
[99,125,164,230,232]
 In addition to the p-type materials, copper is abundant and the 
material can be processed by industrially proven, low-cost methods.
[164]
 Recently, the 
highly active photocathode of Cu2O thin films, which can reach the high photocurrents of 
~7.6 mA cm
-2
 at a potential of 0 V vs. RHE and maintained active for 1 h of testing, was 
proposed.
[99]
 In our previous work, we reported an efficient surface treatment for Cu2O 
photocathodes using trisodium citrate to realize an impressive PEC performance.
[100]
 
These results demonstrate the significant potential for Cu2O in PEC water splitting. In 
particular, for efficiency improvement, various Cu2O nanostructures with high surface-to-
volume ratio and short diffusion lengths for charge carrier transport compared with bulk 




nanotubes, nanocubes, and nanospheres.
[233–236]
 However, super-long Cu2O NWs arrays, 
have been not well reported, for PEC water decomposition. In this work, we synthesize 
successfully super-long Cu2O NWs arrays by the convenient and low-cost anodic alumina 
oxide (AAO) template technology. In comparison with the photocathode based on Cu2O 
films, the super-long Cu2O NWs photocathode presents a remarkable improvement in 
photocurrent, from 1.00 mA cm
–2
 to 2.75 mA cm
–2
 at 0.8 V vs Ag/AgCl. After optimizing 
the photoelectrochemical system by depositing Pt NPs with atomic layer deposition on 
the Cu2O NWs, the plateau photocurrent has been improved to 7.00 mA cm
–2
 at 0.8 V vs 
Ag/AgCl and the EQY is up to 34% at 410 nm. The results from this study provide a low-
cost, naturally abundant nanowire material for use in photoelectrochemical cells.  
8.2 Experimental 
Growth of Cu2O NWs and films: AAO templates were synthesized from high purity 
aluminum foils by a two-step anodization process at 40 V in 0.3 M oxalic acid with a 8 h 
time first and 1 h second anodization time.
[237,238]
 The AAO pores were widened in a 5 
wt% H3PO4 solution for 50 min at 30 °C. Subsequently, a thin layer of gold (25 nm) was 
deposited by PVD. After that, thick Ni film was deposited on the upper surface of AAO 
with a current density of 5 mA cm
-2
. The Ni plating solution contains NiSO4 (0.38 M), 
NiCl2 (0.12 M), and H3BO3 (0.5 M). The gold coated AAO template was used as the 
working electrode, and Ni foil was the counter electrode. Then, backside alumina was 
removed with CuCl2 solution, and Ni layer with AAO was obtained. Then, the sample 
was kept in H3PO4 (5%) during 30 minute in 60 °C to remove barrier layer before 
deposition Cu2O. Finally, Cu2O NWs were cathodically electrodeposited from a 0.4 M 
copper sulphate bath containing 3 M lactic acid. The pH value of the bath was carefully 
adjusted to 12.0 by the addition of 3 M sodium hydroxide. Cu2O NWs were grown at a 




nominal duration of 60 minute. The temperature of the bath was controlled at 45 °C using 
a heating plate with an in situ temperature probe. After deposition, the AAO ordered pore 
skeleton was removed by immersion in 0.1 M NaOH aqueous solution aim time 1 hours 
and Cu2O ordered nanowires were thus obtained. For comparison, we also prepared Cu2O 
thin films on FTO/Au directly using the same procedure. 
Fabrication of Cu2O NWs and films photocathodes: A strip of conductive copper tape 
was stuck on the exposed Ni and FTO part of the Ni/Cu2O NWs and FTO/Au/Cu2O, 
respectively, which is to extend the conducting circuit. The copper tape was then threaded 
through a glass tube and then sealed with an insulating epoxy. Electrode areas were 
optically measured as 0.2 cm
2
. 
Photoelectrochemical measurements: External quantum yield was measured with an 
Oriel 150 W Xe arc lamp (Newport) and a quarter-turn single-grating monochromator 
(Newport). Sample measurements were recorded with chopped illumination. The output 
current signal was connected to a Merlin digital lock-in radiometry system and the output 
signal from the lock–in amplifier was fed into a computer controlled by TRACQ BASIC 
software. Current–potential plots and impedance characterization were measured using 
the digital BioLogic potentiostat (SP-200) and 0.1 M sodium sulphate aqueous solution 
served as the electrolyte. A Pt counter electrode and Ag/AgCl reference electrode were 
used during the measurements. A standard 300 W Xe lamp (Newport) served as the light 
source and the light intensity was characterized to 100 mW cm
−2
 by a Si photodiode 
(Newport). 
Characterizations: Powder X-ray diffraction (XRD) pattern was recorded on Bruker D8 
Advance equipped with graphite monochromatized high-intensity Cu Kα radiation (λ = 




HITACHI (Japan) scanning electron microscope. Room–temperature UV-Vis absorption 
spectroscopy was measured using Varian Cary 5000 UV-Vis-NIR spectrophotometer.  
8.3 Results and discussion 
The strategy for the growth of the Cu2O NWs can be divided into five detailed 
procedures that are illustrated schematically in Figure 8.1, where the colors of the 
imprinted AAO template, Al, Au, Ni and Cu2O are described as blue, gray, yellow, black 
and orange, respectively. The process includes gold layer deposition (I), Ni 
electrodeposition (II), aluminum and barrier layer removal (III), Cu2O growth (IV), and 
template removal (V). The imprinted AAO template was adopted as the master templates 
in the preparation process because of its attractive advantages, including uniform and 
highly oriented nanoporous structures, tunable structural parameters, large area, low cost, 







Figure 8.1 Schematic illustration of the fabrication process of Cu2O NWs with AAO 
template: gold layer deposition (I), Ni electrodeposition (II), aluminum and barrier layer 
removal (III), Cu2O growth (IV), and template removal (V). 
Figure 8.2 (a) clearly illustrates that the bare AAO template, which was fabricated 
with two times oxidization,
[237,238]
 presents quite well-distributed nanopores with a 
diameter of around 20 nm and a length of around 5 um. The electrodeposition for Cu2O 
NWs and films were both performed in a copper sulphate bath containing 3 M lactic acid, 
by following the previously reported processes.
[100]
 Figure 8.2 (b) shows the 
representative scanning electron microscopic images of the prepared nanowires on nano-
Ni substrates. The nanowires are vertically well aligned on the substrate. The size of these 
nanowires is gauged as ~ 4.5 µm in length and ~ 85 nm in diameter, respectively. The 
films grown on Au/FTO glass are constructed by continuously distributed polyhedral 
particles, and the configuration turns out to be cuboid, as shown in Figure 8.2c.
[100]
 In 
addition, consistent with the reported values,
[100]




Au/FTO glass is characterized as 2.1 eV by the absorption analyses shown in experiment 
Chapter 2. 
 
Figure 8.2 Top view SEM images of the prepared AAO template (a), Cu2O NWs (b) 
(inset is cross-sectional SEM image of Cu2O NWs) and Cu2O films (c). (d) XRD patterns 
of Cu2O NWs and films (inset is mapping of Cu2O NWs). 
The XRD patterns of the Cu2O NWs and thin films are given in Figure 8.2 (d), where 










 can be doubtlessly ascribed to 
the reflection of (110), (111), (200), (220) and (311) planes of Cu2O (JCPDS card No. 05-
0667).
[126]
 Phases of CuO and Cu are not discernible, implying a pure Cu2O structure in 
the nanowires and films. In order to further determine the composition of the material 
elements, we characterized the mapping of Cu2O NWs with SEM, as shown inset of 
Figure 8.2 (d), which confirms that only Cu and O elements are present in the nanowires. 















































Figure 8.3 (a) EQY (%) spectra, (b) photocurrent-potential profiles, (c) time-dependent 
photocurrent density spectra and (d) Impedance spectra of the Cu2O NWs and films 
photoelectrode. 
Figure 8.3 (a) demonstrates the representative steady-state EQY spectra of PEC 
electrodes of Cu2O NWs and films. Comparing to Cu2O thin film photoelectrode, the 
Cu2O NWs photoelectrode on the nano-Ni exhibits an increscent EQY below the 
absorption threshold of Cu2O (600 nm). An enhancement of 2-fold is obtained, indicating 
that Cu2O NWs based electrode has a larger photo-to-current efficiency than that with 
Cu2O thin films. This result is consistent with those reported in recent studies that have 
focused on the outstanding optical and electrical properties of nanowires and 
improvement in  photocatalytic performance of semiconductor nanowires.
[240,241]
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Photocurrent−potential profiles were tested by soaking the photoelectrodes into 0.1 M 
Na2SO4 aqueous solutions, with Ag/AgCl as the reference electrode and a Pt wire as the 
counter electrode. Each plot represents a typical photo-response obtained under white-
light illumination (AM1.5G, 100 mW cm
−2
), as illustrated in Figure 8.3 (b). These J-V 
curves exhibit a cathodic photocurrent and indicate a distinct p-type feature of both 
prepared Cu2O NWs and films, being consistent with our previous report.
[100]
 In the 
system, photo-induced electrons move from films and nanowires to electrolyte to drive 
PEC reactions, and the corresponding holes transport from films and nanowires to ITO 
electrode during the PEC measurement. Compared to the Cu2O films electrode, the 
photocathode of Cu2O NWs possesses a remarkable improvement in PEC performance, 
being in good agreement with EQY measurement. To be noted, both Cu2O films and 
NWs photoelectrode have the photoreduction peak at 0 V vs Ag/AgCl, owing to the weak 
chemical stabilization of Cu2O, which is consistent with other literature reported.
[100]
 
As illustrated in Figure 8.3 (c), to investigate the samples PEC performance and 
stability under visible light, the time-dependent photocurrent density was carried out on 
the Cu2O NWs and films during repeated on–off visible light illumination cycles at -0.3 V 
vs. Ag/AgCl. The results show that both samples exhibit fast and reproducible 
photocurrent responses upon each illumination. The plateau photocurrent density of the 
Cu2O films electrode was 0.11 mA cm
-2
, while that of the Cu2O NWs was 0.71 mA cm
-2
, 
which represents a more than 500% increase from the Cu2O films. The result 
demonstrates that nanostructure of materials can achieve the improvement of the 
photoelectric conversion, due to the capability of offering large surface area and more 
reaction sites, decoupling light absorption and charge carrier collection, shorting carrier 







Figure 8.4 (a) Top view SEM image of Cu2O NWs with Pt NPs, (b) photocurrent-
potential curves (inset is the photocurrent-time profile of the photoelectrode and (c) 
Curves of the time-dependent photocurrent measured for Cu2O NWs with Pt NPs (applied 
−0,3 V Vs Ag/AgCl) (d) EQY spectra of the photoelectrode (inset is impedance spectra). 
To elucidate the strong correlation between nanostructures and the enhanced 
photocurrent and EQY values, electrochemical impedance measurement was carried out. 
Figure 8.3 (d) shows Nyquist Impedance spectra of Cu2O NWs and films at DC 
frequency from 200 kHz to 200 Hz, which was performed at open circuit voltage. Charge 
transfer resistance (Rct) from the photoelectrodes to redox species in the electrolyte can be 
calculated by fitting the semi-arc in the 1 kHz region.
[122,123,]
  Smaller circular radius 
represents a lower electron transport resistance and higher separation efficiency of the 
photo-generated electrons and holes. As can be seen from Figure 8.3 (d), the Rct of Cu2O 
NWs electrode is much smaller than that of Cu2O film sample, indicating a much smaller 
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electron transport resistance and a larger photo response, leading to a larger photocurrent 
in Cu2O NWs electrode.  
To further promote the PEC performance of the Cu2O nano-device, Pt NPs were 
deposited on the nanowire surroundings as the catalyst via an atomic layer deposition 
procedure.
[245,246]
 Figure 8.4 (a) shows the top view SEM image of the prepared catalyst 
on Cu2O NWs, where the size of the particles could be gauged as 5 aim 10 nm, and Pt 
NPs on the surface of Cu2O NWs are of  high density. The photocurrent-potential curves 
of the advanced photocathode are given in Figure 8.4(b). By comparing with the bare 
Cu2O NWs electrode, the one equipped with Pt catalyst has a positive improvement in 
photocurrent, which is amplified to 7 mA cm
−2
. Moreover, the photocurrent-time profile 
of the photoelectrode at −0.3 V vs Ag/AgCl (Figure 8.4 (c)) shows that there is no 
obvious decline in the current density after several light–dark cycles within a time span of 
about 2500 s. It is surprising that, by modifying the Cu2O NWs surface with Pt NPs, the 
EQY is amplified to 34%, which is 2-fold of the bare Cu2O NWs and 4-fold of Cu2O 
films, thus showing a great potential of applying Cu2O in water reduction, as shown in 
Figure 8.4 (c).  
To shed light on the enhancement mechanism of PEC performance in Cu2O NWs 
with Pt NPs, the schematic illustration of Cu2O NWs/Pt photoelectrode and the whole 
band energy diagram of the Cu2O/Pt/electrolyte structure are schematically proposed in 
Figure 8.5. The band bending of Cu2O/Pt/electrolyte is similar to the case for p-Si/Pt/ 
electrolyte contact in a photoelectrochemical cell
[242]
, in which Fermi level is split into 
quasi-Fermi level EF,n and EF,p by photogeneration of excess carriers and by forward bias. 
There is the reaction products are withdrawn from the cell to be marked elsewhere to 
provide electrical power. Such a cell might be operated at short-circuit or a small applied 





all the absorption in the Cu2O NWs for the moment in quasi-neutral region. Photon 
absorbed by Cu2O NWs generates minority carrier (electron), which drifts to 
semiconductor/electrolyte interface where water was decomposed (H3O
+→H2). The Pt 
NPs, which maximize the surface area and specific activity of the precious metal 
catalyst,
[247]
 function as an electrocatalyst for the photocathodic reaction (H2 generation).  
 
Figure 8.5 (a) Schematic illustration of Cu2O NWs/Pt photoelectrode, (b) schematic 














Chapter 9.  Summary and Outlook 
 
 In order to enhance the efficiency of PECs, this dissertation proposed new 
methodologies for the development of very efficient photoeelctrodes based on 
metal oxides. Firstly, an effective method is demonstrated to synthesize advanced 
CBO thin films on FTO/Au substrates. Through a series of systematical 
investigations, it has been revealed that the presence of Au is beneficial for 
improving the crystal quality of material, promoting the separation of photo-
generated charges and reducing the resistance of the system. Consequently, the 
plateau photocurrent has been enhanced dramatically from −0.23 mA cm−2 to 
−0.50 mA cm−2, which is more than two times higher than the reported values. By 
modifying these advanced films with Pt catalyst, the photocurrent can be further 
amplified to reach a value that is over −1.2 mA cm−2.  
Secondly, a simple surface treatment approach was developed for Cu2O based 
photocathodes to enhance PEC performance. The adopted TSC is beneficial for fixing Cu 
(II) impurities, hence increasing the doping density of Cu2O films and conducting the 
photo-generated charge carriers to the interface with electrolyte. Accordingly, a great 
improvement in photocurrent and EQY is achieved. Thus, this part offers a cost-effective 
methodology to optimize the overall efficiency of solar energy conversion systems that 
utilize Cu2O as light-harvesting component. 
Thirdly, polycrystalline BFO photoelectrodes fabricated using typical spin-coating 
technology. Due to the distinct ferroelectric performance, orientations of BFO band 
bending at BFO/electrolyte could be switched from upwards to downwards by poling 
pretreatments. Subsequently, charge transfer directions of photo-exited charges either 




dots were tuned, as demonstrated by systematic steady-state photoelectrochemical 
investigations. This study provides an opportunity to manipulate photoelectrochemical 
reactions on a BFO-based ferroelectric photoelectrode and also an insight on the 
strategies for designing smart photoelectrochemical systems. 
Finally, CuWO4 nanograin arrays and Cu2O NWs are successfully realized by utilizing 
AAO templates. The difference in-between distance of CuWO4 nanograin in the array is 
successfully controlled by using AAO templates. As CuWO4 nanograin array based 
photoelectrodes possess optimal width for the maximal penetration between surface and 
electrolyte as photon absorber, CuWO4 nanograin array based photoelectrodes shows 
high current density (1.01 mA cm
–2
) compared to thin film based photoelectrodes (0.23 
mA cm
–2
). APBE calculation also showed similar trend. Moreover, EQY measurement 
supports the assumption that nanograin arrays are highly effective for the distribution of 
electron generator compared to the thin films. On the other hand, a novel photocathode 
based on super-long Cu2O NWs showed high photocurrent (–2.75 mA cm
–2
) compared 
photocathode based on Cu2O thin films (–1.00 mA cm
–2
) due to the advantages high 
specific surface area, light-trapping and short carriers transfer of the nanowire based 
electrodes. After the optimized deposition of Pt NPs on the Cu2O NWs via atomic layer 
deposition, the photocurrent plateau has been further amplified to 7 mA cm
−2
. The result 
from this study provides an opportunity to utilize low-cost and naturally abundant 
material for application in photoelectrochemical cells. 
To conclude, this dissertation proposed promising methodologies for the fabrication of 
p-type and n-type photoelectrodes to develop highly efficient photoelectrochemical water 
splitting devices. This in turn makes a positive contribution in addressing the world-wide 




technologies for the development efficient photoelectrodes can be reduced by adopting 
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Chapter 11. Appendix 
1. Additional data for chapter 4 
 
Figure 11.1 (a1) SEM image of CBO films on FTO, and corresponding EDX mapping 
image for (a2) Cu element, (a3) Bi element and (a4) O element. The representative EDX 




FTO/CBO, the spectrum of the particles from FTO/Au/CBO does not show the indication 
in containing Au in the crystals. 
 
Figure 11.2 Simulated absorbance spectrum of the sample FTO/Au. 
 
Figure 11.3 Raman spectra of CBO and Au/CBO on FTO glass. The distinct vibrational 
peaks at 262, 402 and 585 cm
−1
 demonstrate the presence of CBO, which is consistent 











































Figure 11.4 Wavelength-dependent external quantum yield spectra of the photoelectrodes 
with or without Pt catalyst (the spectra were measured in a two-electrode configuration 
without any external bias). 
 
Figure 11.5 Hydrogen production on time measured under 0.2 V vs RHE with 
illumination of 100 mWcm
-2
Xe lamp for the FTO/Au/CBOphotoelectrode with Pt 
nanoparticles. In our case, the water splitting reactorwas small in volume and the amount 
of evolved hydrogen was about µmol scale. Such small amount of hydrogen was quite 
easy to dissolve in the electrolyte solution and cannot be easily detected by the gas 
chromatograph equipment. In spite of these limitations, the result clearly shows that the 
































FTO/Au/CBO/Pt canactually work as photocathode for hydrogen production. The Faradic 
efficiency was calculatedas 84.49% for the water splitting reactor during 80 min. 
 
Figure 11.6 SEM images of FTO/Au/CBO before (a and c) and after (b and d) PEC 











2. Additional data for chapter 5 
 
Figure 11.7 Cyclic voltammetry measurements for determining the depositing penitential 
of Cu2O. In the curve, there are two peaks that can be ascribed to the reduction peak for 
Cu
2+
 to Cu2O and the oxidation peak of Cu2O, respectively. Accordingly, we choose a 
constant potential (−0.4 V vs Ag/AgCl) model for reducing Cu2+ to Cu2O. The resulted 
thin films exhibit a dark red color as shown in the inset of Figure 11.7. 































Figure 11.8 The calculated absorption efficiency in accordance with the thickness of 
Cu2O on FTO/Au by FDTD simulation. 
 
Figure 11.9 Fourier transform infrared transmission (FTIR) spectra for the FTO/Au/Cu2O 
photoelectrode without/with TSC. Both the samples without and with surface treatment 
show the main peak of Cu2O at about 630 cm
-1
. Compared to the naked FTO/Au/Cu2O 
sample, FTIR spectrum of the FTO/Au/Cu2O/TSC exhibits the characteristic absorption 
peaks of carboxyl group of sodium citrate, such as 1600 cm
-1
 and 1392 cm
-1
 due to the –
COO– symmetric and antisymmetric stretching respectively. 
 


































































Figure 11.10 Normalized PL spectra of FTO/Au/Cu2O and FTO/Au/Cu2O/TSC. 
 
 
Figure 11.11 SEM images of a) FTO/Au/Cu2O and b) FTO/Au/Cu2O/TSC/TiO2. c) XRD 
of the FTO/Au/Cu2O/TSC/TiO2 electrode. The thin layer of the TiO2 was grown via an 
atomic layer deposition procedure at 200 °C. TiCl4 and H2O were selected as the 
precursors. In comparison with the intrinsic sample shown in Figure S3a, the TiO2 
passivated Cu2O film shows a rough but homogenous surface, indicating a good strategy 
to protect the Cu2O layer from corrosion during the measurements. The XRD pattern 
confirms the presence of TiO2 on Cu2O from other aspect. 
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Figure 11.12 Curves of photocurrent vs time curve under interval on-off light irradiation 
of the FTO/Au/Cu2O/TiO2/Pt and FTO/Au/Cu2O/TSC/TiO2/Pt electrodes, applied −0.25 
V vs Ag/AgCl. 
 
Figure 11.13 AFM of FTO/Au/Cu2O, FTO/Au/Cu2O/TSC and FTO/Au/Cu2O/TSC after 
PEC measurement. No obvious changes of morphology before and after PEC 
measurement can be observed. 





Figure 11.14 Raman spectrum of FTO/Au/Cu2O, FTO/Au/Cu2O/TSC and 
FTO/Au/Cu2O/TSC after PEC measurement. The sample of FTO/Au/Cu2O/TSC before 
and after PEC measurement exhibits the same assignment of the main bands of sodium 








Figure 11.15 a) and b) Current density-potential curves and external quantum yield 
spectra for the FTO/Cu2O photocathodes with different surface conditions. For the sample 
without surface treatment, photocurrent is lower than that from the bare photocathodes on 
the basis of FTO/Au/Cu2O, due to the fact that the cubic morphology of the Cu2O 
particles in the FTO/Cu2O structure is disadvantageous in photocatalysis as compared 
with the polyhedral morphology of the particles in the structure of FTO/Au/Cu2O. When 
the FTO/Cu2O photocathode is soaked in TSC solution for 30 min, the photocurrent is 























































Potential (V vs Ag/AgCl)
 FTO/Cu2O in dark
 FTO/Cu2O in illumination
 FTO/Cu2O/trisodium citrate in dark
 FTO/Cu2O/trisodium citrate in illumination



































external quantum yield spectra displayed in Figure 11.15b confirm this statement from 
another aspect. Thus, these data indicate that the surface treatment using TSC is 
applicable to Cu2O films with different particle morphologies. 
 
Table 10.1 Raw fitting parameters for transient photoluminescence analysis. 
The curves of time resolved photoluminescence decay for the prepared Cu2O thin 
films were fit by one exponential model in short time scale: y=A×exp(−x/τ)+y0. 
 
Sample A y0 τ (ns) 
Au/Cu2O 1.12 0.004 0.59±0.01 
Au/Cu2O/TSC 1.03 0.012 0.48±0.005 
 
 
3. Additional data for chapter 6 
A. Absorption spectroscopic analysis of the prepared BFO films on ITO/glass 
Figure 11.16 displays the absorption spectra of the prepared BFO films. Contrary to most 
of the other ferroelectric materials like PZT and BaTiO3,
[176,189]
 BFO exhibits impressive 
absorption ability in the visible range of the solar energy. Considering the direct band gap 
structure in BFO,
[172]
 a band gap value of 2.14 eV was estimated by converting the 
absorption spectrum to the (ahv)
2
 vs.hv plot shown in the inset and calculating the 
intercept of the linear part of the plot with the X-axis. The obtained 2.14 eV is well 
matched with the values reported where else
[174,163]
 and enables the BFO films with a 






Figure 11.16 Absorption spectroscopic measurements of the BFO films 
 
B. Polarization-electric (P-E) ferroelectric analysis of the prepared BFO films 
Polarization-electric (P-E) hysteresis measurements as shown in Figure 11.17 clearly 
demonstrate the existence of the ferroelectric hysteresis that determines the switchable 
capability of the BFO film in both photovoltaic and photoelectrochemical applications. 
Particularly, the loop measured at 5V presents a clear hysteresis loop and roughly yields a 
coercive field as 200 kV/cm, close to the reported values.
[178,185]
When measuring at high 
voltages, the ferroelectric performance deteriorates mainly due to the large leakage 
current. The leakage current as obtained in Figure 3.2b is higher than the reported values 
for the BFO films made in high vacuum,
[172,186]
 attributed to the cost-efficient fabrication 
technique. According to the measured coercive field as well as the reported values in the 
BFO films fabricated by high vacuum techniques,
[184,185]
 a roughly estimated 8V poling 
bias is sufficient for tuning over the domain walls in the spin-coated BFO films with a 
thickness of 300 nm. Therefore, for the next procedure of poling treatment on the 





Figure 11.17 Ferroelectric properties of the BFO films: a) P-E hysteresis loop (the inset 
image: P-E hysteresis loop at 5 V; b) leakage current J-V curve 
 
 
C. Discussion on the electrochemical poling pre-treatment 
Considering the difficulty for the BFO photoelectrodes to be poled using a solid state 
method, we poled the photoelectrodes in propylene carbonate solution to avoid the small 
electrochemical window in aqueous solution. Though the ions in the electrolyte may 
screen the applied bias more or less, +8V and –8 V vs Pt counter electrode are sufficient 
for tuning the photoelectrochemical performance. As shown in Figure 6.2a and Figure 
6.2b, the sample with +8 V poling pretreatment had a remarkable enhancement in 
external quantum yield as compared with the sample without any poling. When the 
sample experienced –8V poling subsequently, however, the external quantum yield 
decreased dramatically to a negligible value. As we re–poled the sample by +8 V, the 
external quantum yield restored to the previous value, strongly implying the existence of 
a distinct ferroelectric property in the prepared BFO films and orientations of the remnant 
polarization can be tuned well by the external biases. In addition, this electrochemical 
poling methodology also works well for PZT photoelectrodes, as illustrated in Figure 
11.18b. All these data point to the validity of the poling pretreatment and the prepared 
ferroelectric films are stable after being used for many cycles of poling treatments. The 
PZT photoelectrodes were prepared following the procedure in our previous paper.
[187]
 
The P-E loop shown as the inset image of Figure 11.18b indicates that the 8V poling bias 
can also switch the orientations of the domain walls in PZT films.  














































































Figure 11.18 Investigation on the polarizations of the BFO and PZT photoelectrodes 
(inset: P-E loop of PZT films) 
D. Discussion on the dependence of external quantum yield on the poling bias  
Figure 11.19 illustrates a detailed analysis of the external quantum yield vs. poling bias in 
the positive direction. In the initial stage with the poling bias change from the intrinsic 
state (0 V) to 4 V, the external quantum yield increases slowly. After the subsequent 
poling treatment by enlarging the bias to the values higher than 6 V, however, the 
external quantum yield enhances abruptly and reaches a plateau, presenting a high 
similarity to the half loop in the P-E loops. The lower poling bias cannot turn over the 
domain walls. Once the positive poling potential is large enough for re-orientating the 
domain walls, the photocurrent signal increases greatly until to a plateau, due to the fact 
that the large positive potential can generate an upward band bending which promotes the 
separation of the photo-excited charges. Moreover, the threshold for the abrupt increase 
of external quantum yield is around 5 V, in consistence with the ferroelectric analysis. All 
these data strongly indicate the presence of pronounced ferroelectric properties in the 
prepared BFO films as that the orientations of the remnant polarization can be 
manipulated well by the external biases and the 8V poling potential behaves well for 










E. Investigations on switching photo–excited charge transfer from Rose Bengal and 
Brilliant Green to BFO photoelectrodes 
In order to further support the conclusion about the charge transfer tuning from excited 
Rhodamine B to BFO films, we also checked the same scenario on the Rose Bengal and 
Brilliant Green. As demonstrated in Figure 11.20 a and b, excited charge transfer from 
these dyes is facilitated by the +8V poling and inhibited by the –8 V poling pretreatments, 
strongly concluding that charge transfer from the molecular dyes could be well controlled 
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3. Additional data for chapter 7 
 
Figure 11.21 XPS survey of CuWO4, core-level XPS of of Cu2p,  core-level XPS of W 









Figure 11.22 (a) LSV of a CuWO4 thin film photoanode in a three-electrode 
configuration described in the text and under AM 1.5G sunlight. The scans are collected 
from −0.2 to 1.4 V versus Ag/AgCl. (b) ABPEs of the relevant electrodes from (a). 
 
Tabel 10.2 Previous report for photoelectrochemical measurements of the kinds CuWO4 
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This work:       




10 0.3 1.21 0.26 
CuWO4 
nanocore 
0.1 M Na2SO4 pH 
6.8 




0.1 M borate 
buffer 





0.1 M phosphate 
buffer  
pH 7 10 0.58 - - 
0.1 M borate 
buffer  
pH 9 10 0.84 1.57 0.69 
1 M phosphate 
buffer 
pH 7 10 0.82 - - 
CuWO4
 207 0.1 M borate 
buffer 
pH 9 10 0.22 - - 
0.1 M phosphate 
buffer 
pH 7 10 0.2 - - 
0.05 M H2SO4 
  






 0.1 M phosphate 
buffer  
pH 7 20 0.26 1.23 0.064 
0.1 M phosphate 
buffer 
pH 5 - - 1.23 0.072 
0.1 M borate 
buffer  
pH 7 - - 1.23 0.075 
0.1 M phosphate 
buffer  
pH 3 - - 1.23 0.062 
CuWO4 
219
 0.1 M phosphate 
buffer 
pH 7 10 0.26 1.13 0.07 




10 0.23 0.874 0.038 
0.1 M HClO4   pH 
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10 0.22 0.772 0.003 
CuWO4 
220 0.5 M borate 
buffer + 0.2 M 
KCl 
pH 7 50 0.14 - - 
CuWO4 
221
 0.1 M borate 
buffer + 0.2 M 
KCl 
pH 9 20 0.15 1.23 0.09 
CuWO4
222
 0.1 M phosphate 
buffer 
pH 7 - 0.04 1.23 0.02 
CuWO4 
223
 0.33 M H3PO4  pH 0 25 0.36 - - 
CuWO4 224 0.1 M Na2SO4   pH 
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0.1 M Na2SO4 pH 
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20 0.55 1.60 0.45 
CuWO4
226
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